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Detailed mapping and geochemical analysis of Oligocene to early
Pliocene volcanic rocks in the Little Walker volcanic center, Mono
County, California have revealed a complex eruptive history.After
eruption of widespread rhyolitic ash flows of the Valley Springs
Formation in the Oligocene, Miocene to early Pliocene volcanism of
the western Great Basin and northern Sierra Nevada was dominated by
eruption of calc-alkalic, andesitic lavas bearing abundant hydrous
mafic phenocrysts, and, thus, high H2O contents.These kinds of
calc-alkaline magmas are associated with most of the major epither-
mal Au-Ag districts of the western Great Basin.
A highly potassic latitic pulse of volcanism occurred at the Little
Walker volcanic center about 9.5 m. y. ago during the ongoing calc-
alkalic activity.The latitic series is unusually enriched in K and
other incompatible elements, as well as Fe compared to the surround-
ing calc-alkaline rocks.The latites have mineralogic evidence of
Redacted for Privacymuch lower H2O content than the calc-alkaline lavas; yetearly latitic
magmas were rich enoughin volatiles to produce very large, welded
ash-flow sheets (e. g. ,the Eureka Valley Tuff).Rapid evacuation of
the magma reservoir beneath the Little Walker centerduring the
ash-flow activity resulted in formation of the LittleWalker caldera.
Intracaldera volcanism culminated with extrusionof viscous,
phenocryst-rich plug domes and coulees of transitionallycalc-alkaline,
low-K latite lava of the Lavas of Mahogany Ridge.The low-K latite
series is severely depleted in all incompatible elementsrelative to
early latitic rocks and has mineralogic, geologic, and traceelement
evidence of higher H2O content relative to early latites.Significant
phenocrystic hornblende, association with hydrothermalalteration,
and high Eu
+3/Eu
+2all suggest significant H2O concentration in the
low-K latite magmas. These rocks probably come from a source
region intermediate between that of the calc-alkaline andlatite series.
Trace and major element data favor generation of latitic magmas
from a primitive mantle diapir.The diapir rose into a subduction
zone that was actively generatingwidespread calc-alkalic lavas
throughout the region from hydrous mantle and, possibly,lower
crustal sources.The latite magmas were drier and hotter than the
calc-alkaline magmas, but were also enriched in volatiles,particu-
larly CO2, and incompatible elements from theirundepleted mantle
source.Rising latitic magmas may have gained additionalincompatible elements by wall rock reaction and zonerefining of
upper mantle and lowercrustal rocks.Extensive qualitative trace
element evidence of crystal fractionationshows that incompatible
elements may have been further concentrated byvariable amounts of
crystal settling.High-pressure (plagioclase-poor, pyroxene-rich)
fractionation of the early, dry latitic seriesproduced low-Ca-Mg
latites with high Fe/Mg and A1203 but low Si02.Low-pressure
(plagioclase rich) differentiation of the early latitic magmasproduced
quartz latite ash flows with high Si02 and moderateFe/Mg, while low-
pressure differentiation of hydrouslow-K latite magmas yielded
silicic low-K latite and quartz latite lavas with lowFe/Mg. More
extensive separation of olivine relative to pyroxenes atlow pressures
and increased stability of subsilicic hydrous crystals andFe-Ti oxides
in the hydrous magmas account for changes indifferentiation trends
caused by Ptotal andH2O P variations.
Lack of giant welded ash-flow sheets in the hydrous calc-alkaline
series and common eruption of such ash flows fromvolcanic centers
with rather anhydrous magmas led to the conclusionthat H 20/CO2 as
well as total volatile content are critical controls onthe likelihood of
large scale, hot ash-flow eruptions.Giant, hot ash-flow sheets and
associated calderas are favored in magmas withlow H 20/CO2 and
high total volatile content.Basaltic and latitic volcanism in areas of
thick sialic crust, where crystal fractionation is extensive are,therefore, the best sources of giantash-flow sheets.
H 20/CO2 and total volatile content werealso critical controls
of the probability of hydrothermal oredeposition. Magmas with high
H 20/CO2 and moderate total volatilecontents are most favored for
ore deposition, becausesuch magmas tend to form mesozonal or
epizonal plutons rather than volcanic rocks.Plutonic crystallization
of hydrous magma will yield a fluidphase capable of transferring
incompatible metals and geothermal heat to ground water.If perme-
able structures and rocks are present, asin a caldera, widespread
mineralization will be favored, but there may be nogenetic relation
between ore-forming magmas and magmaswhich produce calderas.Geology and Geochemistry of the Little Walker Volcanic
Center, Mono County, California
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111.10. Temperature estimates. 246GEOLOGY AND GEOCHEMISTRY OF THE LITTLE WALKER
VOLCANIC CENTER, MONO COUNTY. ,CALIFORNIA
INTRODUCTION
The Little Walker volcanic center is the source for much ofthe
highly potassic, latitic lavas and tuffs of the late Miocene(8,6-10 m.y.)
Stanislaus Group.The center is located about ten miles west-
northwest of Bridgeport, California on the eastern slopesof the Sierra
Nevada mountains (Figures 1, 2).It is one of a series of late
Tertiary potassic volcanic centers which are spread in an E-Wband
across the southern Great Basin(Figure 1 Noble, and others, 1974).
This paper will summarize an investigation of this important
volcanic center begun by Donald C. Noble and William R. Dickinson
in 1969 and continued by the writer during 1973 to1979.Detailed
field mapping as well as considerable petrographic and chemical
analysis have been utilized in an effort to understand the evolutionof
the Little Walker center.
Detailed mapping and sampling of about 90 square miles and
reconnaissance mapping of another 45 square miles of the Fales Hot
Springs quadrangle are the basis for structural and stratigraphic
interpretations.Whole rocks and mineral separate samples have been
analyzed for major and trace element composition utilizing X-ray
fluorescence, instrumental neutron activation, and atomic absorption4 0°
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Figure 1.Index map of potassic volcanic centers of thesouthern
Great Basin.Taken from Noble and others (1974).
MMarkleeville, 10 m. y. (M. L. Silberman,unpub. data)
LW - Little Walker, 10 to 8. 6 m. y.(Noble and others, 1974; M. L.
Silberman, unpub. data)
BABodie-Aurora, 9 m. y. (Chesterman,1968; Silberman and
others, 1972)
SP- SilverPeak, 6 m. y. (Robinson, 1972)
SMStonwall Mountain (Cornwall,1972; Ashley, 1974)
BM - Black Mountain, 7 m. y.(Noble and Christiansen, 1974)
PT - Paintbrush and Timber Mountain,13.5-10 m. y. (Lipman and
others, 1966; Noble and Hedge,1969; Byers and others, 1968)
SCSilent Canyon, 14 m. y. (Noble andothers, 1968)
KSKane Springs Wash, 13 m. y. (Noble,1968)
OVOx Valley (inferred location), approx.14 m. y. (Noble and
McKee, 1972)108
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Figure Z.Geography of the Sonora Pass area and Little Walkervolcanic center.4
spectrophotometry (see Appendices).The chemical data have been
used to test various models for generation of the magmasof the
center and as correlation tools.Three K-Ar dates have been pro-
vided by Miles Silberman (1974, unpublished data) of the U.S.
Geological Survey.
It will be shown that much of the Stanislaus Group has, in fact,
erupted from the Little Walker center and that a great deal ofevidence
supports the formation of a volcano-tectonic depression after erup-
tions of the voluminous quartz latite ash flows of the Eureka Valley
Tuff.Rare earth element (REE) models will be presented which
place constraints on source assemblages which may have been par-
tially melted to produce low-silica latite magma. High level differen-
tiation will be modeled utilizing both major and trace element data,
especially distribution coefficients (D's) from mineral separates.
While the chief thrust of this paper is to describe the genesis of
the latitic series, a subsidiary investigation of Mio-Pliocene (7.3 m.y.)
calc-alkaline lavas (the Lavas of Rickey Peak) erupted within and far
outside of the center will be presented.It will be shown that these
hornblende-biotite, andesitic-to-dacitic lavas were erupted from a
source (upper mantle?) very different fromthat of the latites when
Basin and Range tectonism began along the Sierra Nevada Front.5
PREVIOUS WORK AND STRATIGRAPHICNOMENCLATURE
Recent changes of the stratigraphicnomenclature of the rocks
of the Stanislaus Group make it appropriateto summarize the develop-
ment of geologic literature on thesubject (Figure 3).Rocks now
included in the Eureka Valley Tuff were firstdescribed by Ransome
(1898) as "biotite-augite-latite" flows.This unit overlies an augite-
latite lava flow which Ransome named theTable Mountain flow and
underlies a sequence of augite-latite flowsnamed by Ransome the
Dardanelles flow.This was the first use of the term latite for arock
which stands chemically between andesite andtrachyte, being dis
tinguished by much higher alkalis, especiallypotassium, than ande-
site but with much higher calcium andmagnesium than trachyte.In
1948 D. B. Slemmons (1953) recognized the"biotite-augite-latite" of
Ransome as a welded tuff; R. L. Smith(Ross and Smith, 1961) also
recognized this unit as a welded tuff at aboutthe same time.
Slemmons (1953) found the biotite-augite-latite toextend from the
Sierran foothills across the Sonoran Crest, andJohnson (1951),
Halsey (1953), Gilbert and others (1968), andAl-Rawi (1969) located
outcrops of the unit as far east as theBode Hills (Figure 4).
Slemmons (1966) formally named the unitsdescribed by Ransome the
Stanislaus Formation, consisting from bottom to topof the Table
Mountain Latite, Eureka Valley, and DardanellesMembers.6
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Figure 4.This map shows the regional distribution of the Eureka Valley Tuff (in black).The map is
taken from Noble and others (1974).Arrows indicate direction of remnant magnetic poles.
LWC stands for the Little Walker caldera.Dashed lines are the maximum extent of the
caldera.8
Noble and others (1974) recognized that the EurekaValley
Member contains two major ash-flow sheets;they raised the member
to formational status, renaming itthe Eureka Valley Tuff.The
Stanislaus Formation was raised to group rank and theTable Mountain
Latite and Dardanelles Members to formations.From bottom to top
the Eureka Valley Tuff consists of a biotite-bearing quartzlatite
ash-flow sheet, the Tollhouse Flat Member, equivalent tothe
"biotite-augite-latite" of Ransomer a biotite-free latite ash-flow
sheet, the By-Day Member; and a small overlying unit of ash-
flow tuff informally named the Upper Member(Noble and others,
1974).In mapping the regional distribution of the EurekaValley Tuff
(Figure 4) Noble and others (1969, 1974) recognized the LittleWalker
caldera which marks the vent area for the Eureka Valley Tuff.9
PERIODICITY OF VOLCANISM IN THE CENTRAL SIERRANEVADA
Volcanism in and around the Little Walker center has occurred
episodically throughout the last 33 m. y. (since earlyOligocene,
according to the Cenozoic time scale of Berggren,1972).The rela-
tive extent and timing of volcanism in the centralSierra Nevada are
summarized in Figures 5a and 5b.In sheer volume and areal extent,
the two large hornblende andesite eruptions of the middleMiocene
Relief Peak Formation and Mio--Pliocene Disaster Peakdominate the
Tertiary volcanic history of the Sierras.The two regional calc-
alkaline eruptions occurred from numerous vents alongthe eastern
Sierran axis and were preceded by widespread, butnowhighly eroded,
late Oligocene to early Miocene rhyolitic ash flows ofthe Valley
Springs Formation (Slemmons, 1966).This paper, however, will
focus on the smaller volume, highly potassic (latitic) volcanismof the
Little Walker volcanic center which is represented by thelatite flows
and quartz latite ash flows of the Stanislaus Group inthe time interval
between the two major calc-alkaline eruptions.
There is evidence that minor volumes of basaltic lavashave
periodically erupted during the hiatus after the Valley Springs
activity, possibly during and after the Relief Peak eruptions anddur-
ing the Disaster Peak volcanism. Slemmons(1966) points out that
small-volume bimodal basalt-rhyolite volcanism was frequent duringRelative
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Figure 5a.Periodicity of volcanism in the east-central Sierra Nevada.Eruptions 2 and
4 may be part of a continuous regional calc-alkaline series in the northern
Sierras and Great Basin.11
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Figure 5b.Volcanic stratigraphy of theSierra Nevada-Mono Basin
area (Gilbert andothers, 1968; Noble and others,1974).12
the Pliocene and Quaternary in the easternSierra Nevada at the time
of most active Basin and Range faulting(e. g. ,at Mono Lake and
Owens Valley; Figure 5b)
Christiansen and Lipman (1972), Noble (1972),and Elston, and
others (1976) have noted the coincidence ofbimodal basalt-rhyolite
volcanism coincident with the beginning ofthe Basin and Range fault-
ing in the Great Basin about 15-17 m. y. ago.It appears that Basin
and Range tectonism along the stable easternSierran block lagged
behind the rest of the Great Basin, beginningabout 7.3 m. y. ago
(K-Ar data, this paper) with most movement onnormal faults during
the last 3.2 m. y. in the Mono Lake-Little Walker area(Slemmons,
1966; Gilbert and others, 1968).It is significant that the greatest
volumes of bimodal assemblage have been eruptedalong the Sierran
front during the last 3.2 m. y. (Slemmons,1966; Gilbert and others,
1968; Figure 5b).13
ERUPTIVE HISTORY OF THE LITTLE WALKER CENTER
Middle Oligocene to early Miocene (32.2 to 20.5 m. y. )sanidine
rhyolite ash flows of the Valley Springs Formation(Slemmons, 1966
Gilbert and others, 1968) swept across the Little Walker area
probably from vents several miles to the northwest.Evidence for a
northwesterly source include thickening of the Valley SpringsForma-
tion in that direction and change in the character ofthe ash flows
from poorly welded crystal-vitric tuffs at the LittleWalker center to
welded, lithic-rich ash flows containing block-size fragmentsof
comagmatic, highly welded ash-flow tuff near Lost CannonPeak to the
northwest (Figure 2).
Structurally complex exposures of small flows of olivinebasalt
and aphyric basaltic andesite in the eastern half of theLittle Walker
center indicate eruption of these mafic rocks afterthe Valley Springs
event but before the Relief Peak eruptions.These units are definitely
below rocks similar to the Relief Peak rocks, at the eastern margin
of the Little Walker center, but similar basaltic rocks inambiguous
exposures on the northern margin may lie onrocks correlative with
the Relief Peak Formation.Aphyric basaltic andesitic units at Devils
Gate appear to lie on Valley Springs rocks (Plate 1).Additional
detailed mapping must be done to unravel correctly, the eruptive
history of these discontinuous, poorly exposed units.14
Between 22 and 12.5 m. y. ago (Gilbert and others, 1968)
extremely large volumes of hornblende-pyroxene andesite flows,
autobreccias, and mudflows erupted from vents several miles west of
the Little Walker center at Relief Peak and from numerous areas
throughout the northern Sierras (Slemmons, 1966; Figure 2).
Slemmons (1966) also contends that a vent area for these andesites
existed at Mount Emma in the Little Walker center, but nocompelling
evidence for this was found in the present study.
Thinning of the Relief Peak lavas from a thickness of about
3,000 feet at Mount Emma and Relief Peak to 300 feet in the western
Sierran foothills led Slemmons (1966) to argue that both Relief Peak
and Mount Emma were proabable sources of the Relief Peak Forma-
tion.He cited the occurrence of andesite dikes and plugs at Relief
Peak and Mount Emma as further evidence that these were eruptive
centers for the Relief Peak Formation.While these arguments may
apply to Relief Peak, they are inconsistent with relationships at
Mount Emma.
Intrusive rocks at Mount Emma are actually part of the
Stainslaus Group rather than the Relief Peak Formation. The dikes
and plugs are pyroxene monzodiorite and high-K andesite, lacking
hornblende, which is the most characteristic phenocryst of the Relief
Peak rocks.These intrusives cut biotite quartz latite ash flows of the
Stanislaus Group (Tuffs of Poore Lake, Plate 1) which establishes the16
low-Mg latite and pyroxene latite flows inthe Little Walker center
(Figure 6).This first phase of activity produced a sequenceof
increasingly more evolved (Ca-Mg-poor) latiticflows which finally
culminated in eruption of the voluminous welded quartzlatite ash
flows of the Eureka Valley Tuff (the TollhouseFlat and By-Day Mem-
bers) from the Little Walker center about 9.5 m. y. ago(Noble and
others, 1974; Figures 4 and 6).Sharp increase in the amount and size
of poorly vesiculated pumice lumps and lithicfragments in the Eureka
Valley Tuff toward the Little Walker center(Noble and others, 1969)
and occurrence of lag-fall deposits of By-Daytuff on the eastern
margin of the center north of Rickey Peak indicatethat the Little
Walker center is definitely the source of theEureka Valley Tuff.
Several lines of evidence favor cauldron subsidence after
eruption of the Tollhouse Flat and By-Day Members.Occurrence of
blocks of welded Eureka Valley Tuff up to five metersin diameter
within lacustrine tuffs northwest of the By-Day lag-fall outcrops sug-
gests the presence of a caldera rim whichdeveloped landslide and
talus in an intracaldera lake (see location of"Tmeb blocks" Plate 1;
Figure 8).These lacustrine tuffs and other Stanislaus units younger
than the By-Day Member are confined to a roughlycircular area
(Figure 6; Plate 1).The younger units lie unconformably above an
erosional surface which cuts all pre-By-Day rocks.This unconform-
ity appears to define an elliptical depressionwhich may wellSonora
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Figure 6.Tectonic map of the Little Walker volcanic center.19
represent an erosionally widened caldera.
Extrusion of intracaldera lava domes along arcuatefractures is
frequently the final eruptive event in caldera-forming,ash-flow erup-
tions (Smith and Bailey, 1968). Smith and Bailey(1968) also proposed
that the final stage of intracaldera volcanism wouldbe associated with
extensive hydrothermal alteration as geothermal waterscirculated in
permeable intracaldera fill. Viscous plug domes inthe eastern half of
the proposed caldera follow well-defined arcuate andring fractures
which cut the intracaldera lacustrine tuffs (Lavas ofMahogany Ridge,
Plate 1; Figure 6).Subvolcanic equivalents of these lavas in the west-
ern half of the caldera havepervasively altered intracaldera ash-flow
tuffs (Tuffs of Poore Lake, Plate 1).The intracaldera plug domes and
associated alteration, then, represent typical finalepisodes in the
eruptive cycle at Little Walker and other major ash-flow centers.
These areguments and detailed data to be presented in the next
section are compelling evidence that a caldera formed inthe Little
Walker area about 9.5 million years ago.It is probable that caldera
margins were reshaped by mass wasting and that the caldera passed
through a stage of intracaldera volcanism which beganwith ash-flow
eruptions (Upper Member of the Eureka Valley Tuff, Plate 1) and
culminated with intrusion of latitic plug domes along circular andring
fractures (Lavas of Mahogany Ridge, Plate 1).Widespread geother-
mal water circulation altered permeable units at subvolcanic levels20
to close the eruptive cycle.
Maximum limits of this erosionally widened caldera areindi-
cated by bold, hachured lines on Figure6 and Plate 1.These
boundaries define the precise limits of the Little Walkervolcanic
center in succeeding descriptions.
Noble and others (1974) give a preferred age of 9.5 m. y. tothe
Eureka Valley Tuff.It is probable that the ash-flow eruptions were
approximately coincident with cauldron subsidence, so this date
should be a good estimate of the age of the Little Walkercaldera.
The range of all age dates thus far compiled for Stanislausrocks is
from 10. 7 m. y. to about 8. 3 m. y. (Noble and others,1974; unpub-
lished K-Ar data of M. Silberman, 1974), but there is littlecorrela-
tion between these ages and stratigraphic position of the unitsdated.
The radiometric data is apparently not able to resolve agediffer-
ences of less than one to two million yearsin these samples. Because
this amount of error approaches the probable magnitude of the life
span of the Little Walker center, noreliable estimate of the total time
of activity can be made.
Immediately after the end of the Little Walker activity, a series
of viscous hornblende-biotite andesite to dacite lavas began to erupt
throughout the southern Sweetwater Mountains and the Bodie Hills
(Halsey, 1953; Chesterman, 1968; Silberman and McKee, 1974).
Biotite from one of the dacite domes in the Little Walker center(Lavas21
of Rickey Peak, Plate 1) provided a K-Ar age of 7.3 ± 0.2 m. y.
(unpublished data of Miles Silberman, 1974).This age is close to
ages of similar rocks of the Potato PeakFormation (7. 8 m. y. ±
0.2 m. y. to 8.9 ± 0.2 m. y. of Chesterman, 1968) and Willow Springs
Formation (Chesterman, 1968; Gilbert and others, 1968).This
activity is also roughly coincident with the extensive gold-silver
mineralization of the Bodie District (7 m, y. from K-Ar ages of
Silberman and others, 1972).Rocks of similar age and lithology
have been mapped as the Disaster Peak Formation in the western
Sierras and as the upper Mehrton Formation in the northern Sierras
(Slemmons, 1966).The eruptive style of these lavas in the northern
and western Sierras, however, differs from that of the southern
Sweetwater Mountains and Bodie Hills.In the latter areas and at the
Little Walker center the flows occur as short coulees and endogenous
lava domes following N- S- trending lineaments parallel to recent Basin
and Range faults.In the western and northern Sierras these rocks
are widespread intracanyon flows and mudflows verysimilar to the
underlying Relief Peak Formation (Slemmons, 1966).It is possible
that the lavas erupted at the Little Walker center and along the eastern
Sierran Front were controlled by embryonic Basin and Range struc-
tures.If so, then the first Basin and Range faults may have begun to
affect the eastern Sierras as early as 7 to 8 m. y. ago.Gilbert and
others (1968), however, have shown that most movement on present22
dip-slip faults has occurred in the last 4 million years inthe Mono
Basin to the south.
Extensive movement of these dip-slip faults in the Little Walker
area has cut the volcanic centerinto two major westerly tilted blocks.
The Little Walker River flows through the middle of the centeralong
the boundary fault between these two major blocks (Figure6; Plate 1).
The vertical throw on that fault is probably at least 4,000 feet,
although both major blocks are broken into so many smaller pieces
by other normal faults of unknown displacement that estimates oftotal
displacement are very tentative at best.23
DETAILED VOLCANIC STRATIGRAPHY
Valley Springs Formation
The Valley Springs Formation is widespread inthe northern
Sierras, and Noble (1972) has recognized similarrhyolitic tuffs near
the base of the Tertiary section throughout the GreatBasin.In the
northern Sierras the formation has yielded radiometric agesof 33.4
to 20.5 m. y. which is middle to late Oligocene(Cenozoic time scale
of Berggren, 1972; Gilbert and others,1968). Gilbert and others (1968)
obtained K-Ar dates of 28 to 22 m. y. from outcrops twentymiles
southeast of the Little Walker volcanic center.
At the Little Walker volcanic center the Valley SpringsForma-
tion crops out only near Lost Cannon Peak and south ofDevils Gate
(Plate 1).In both localities it lies beneath the Relief Peak Formation
and rests on granitic basement rocks.South of Devils Gate the Valley
Springs Formation consists of poorly indurated sanidinerhyolite ash-
flow tuff with lesser amounts of moderately welded tuff in basal part.
Near Lost Cannon Peak it is a much thicker sequence of poorly
welded, much more lithic- rich ash-flow tuff.Lithic fragments in the
latter area are chiefly dark andesitic rocks of lapilli-size:but blocks
of welded sanidine rhyolite tuff are also abundant in the basal partof
the section.The greater thickness of the ash flows near Lost Cannon
Peak and greater abundance of lithics compared to the Devils Gate24
locality argue that the former area is nearer a ventfor the tuffs.
Block-size fragments would suggest that theenclosing ash flow near
Lost Cannon Peak was very near its vent.
Basalts and Basaltic Andesites
Gilbert and others (1968) have recognizedsmall-volume olivine
basalt flows intercalated in andesites of the ReliefPeak Formation in
the Mono Basin area.Similar olivine basalts and heterogeneous
basaltic andesitic units have been found below andintercalated within
hornblende andesites of the Relief Peak Formation in theLittle Walker
area.South of Devils Gate, these mafic rocks are abovethe Valley
Springs Formation. No outcrops of these basaltic lavashave been
found at Sonora Pass or Lost Cannon Peak west ofthe Little Walker
area.This evidence suggests that at least one volcanic center was
active east of the andesitic center at Relief Peak duringmuch of the
Relief Peak activity.
It is probable that the volcano-tectonic regime at theRelief
Peak center was distinctly different from the regime ofthe basaltic
volcanic center to the east.Christiansen and Lipman (1972) and
Noble (1972) have noted the beginning of fundamentally basaltic
volcanism with initiation of Basin and Range tectonism in the Great
Basin about 20 to 16 m. y. ago.This time interval overlaps the 22 to
12. 5 m. y. interval of Relief-Peak volcanism.The basaltic lavas may25
be the product of the spreading Basin and Range tectonics tothe east
of the Little Walker center.
The lithology of the basalts and basaltic andesitic units is quite
variable and not completely known, but some generalization canstill
be made.Basaltic andesitic rocks consit of 80 to 100 percent dark,
pilotaxitic groundmass with or without olivine and augite phenocrysts
and minor quartzite xenoliths.The olivine basalts have 17 to 19 per-
cent olivine and 1 to 3 percent augite phenocrysts set in adark felty
or hyalopilitic groundmass. Iddingsitization affectsthe olivine in
some samples.In outcrop both rock types are tough, black units
which, nevertheless, do not crop out well.They are mapped as often
from their characteristic red-brown soil as from outcrop.They
probably form gentle slopes because of numerous fractures which
penetrate them.
Relief Peak Formation
Outside of the Little Walker area, autobreccias and mudflows of
the Relief Peak Formation blanket much of the northern Sierras
(Slemmons, 1966), and correlative rocks along the eastern Sierran
Front have been dated by K-Ar methods at 12.5 to 22 m. y. (Gilbert
and others, 1968).Together with Mio-Pliocene andesites of the over-
lying Disaster Peak Formation, the Relief Peak Formation defines a
major part of a Mio-Pliocene calc-alkalic volcanic event which26
affected much of the northern Sierras (Gilbert and others,1968;
Noble, 1972).Viewed in this perspective, the Stanislaus eruptions
represent a small, localized potassic anomaly in regionalcalc-
alkalic volcanism of the northern Sierras.
Field relationships of the Relief Peak Formation inand
adjacent to the Little Walker volcanic center are ofconsiderable
interest, because these rocks provided one of thefew reliable strati-
graphic markers in area.All hornblende-bearing pre-Stanislaus
rocks were tentatively correlated to the Relief Peak Formation.
These rocks are up to 1,000 feet thick near Mount Emma onthe
southwestern margin of the Little Walker center where they are
propylitically altered and locally silicified.They thin rapidly or are
absent along the eastern margin of the center where they are exposed
by westward-tilted fault blocks.The formation also thins to a few
tens of feet thick one-half of a mile west of PooreLake where erosion
during Stanislaus volcanism reduced its thickness (Plate 1).This
erosional event is supported by the occurrence of an erosional sur-
face of unconformity bearing Table Mountain Latite, Tollhouse Flat
and By-Day Member lithics which separates post-By-Day-Member,
Stanislaus rocks from the Relief Peak Formation at the PooreLake
locality and elsewhere in the center (Plate 1).At least 1, 000 feet of
Relief Peak rocks may have been removed at Poore Lake prior to27
eruption of the tuffs and lavas of Poore Lake (Plate 1).The complex
relationships in the Kirman Lake-Poore Lake area will be discussed
in more detail in the section on the tuffs and lavas of PooreLake.
Field relationships in and around the Little Walker center sug-
gest that such of the local Relief Peak Formation may haveerupted
from vents in and around Relief Peak to the west.Slemmons (1966)
found about 3,000 feet of the Relief Peak Formation exposed at Relief
Peak, where dikes and plugs of the same rocks also occur. He
argued that Relief Peak was a major source of the formation in this
part of the Sierras.He, however, correlated dikes and pyroclastic
rocks of the Stanislaus Group at Mount Emma with the Relief Peak
Formation and mistakenly concluded that this was also a major vent
for the Relief Peak Formation.Thinning of Relief Peak lavas and
breccias from about 3,000 feet at Relief Peak to 1,000 feet near
Mount Emma, and, finally to thin, discontinuous outcrops in the
Rickey Peak-Devils Gate area on the eastern margin of the center
argue that the major source was at ReliefPeak (Plate 1).The forma-
tion thins much less rapidly from Relief Peak toward the west and is
much thicker and more continuous in the western Sierras than along
the eastern margin of the Little Walker center.It is proposed that
flows and lahars spread out from Relief Peak in all directions but that
flow was inhibited toward the east by discontinuous topographic bar-
riers located along the eastern margin of the Little Walker area.28
The lithology of the Relief Peak Formation at the Little Walker
center is highly variable, but the unit may be distinguishedunambigu-
ously from most Stanislaus units by characteristically abundant
hornblende in most Relief Peak specimens.Hornblende-bearing
andesite mudflows and autobreccias are the dominant rock types in
the formation, but considerable amounts of solid lava commonly also
are present.North of Pickle Meadow, the lavas and breccias are
interbedded with extensive lithic volcanic sandstones.Distinctive
flows at Sonora Pass and Poison Creek have 10 percent large
(1-2 cm) clumps of glomeroporphyritic hornblende with only 3 percent
augite and minor plagioclase (An 79) set in a hyalopilitic groundmass.
More typical flows on the north side of the Little Walker area have
17 to 42 percent,1 to 2 mm plagioclase (An 58) phenocrysts with 1
to 5 percent augite, 2 percent hypersthene and 2 to6 percent horn-
blende of about the same size set in a felsitic groundmass. Minor
apatite and iron-titanium oxides are ubiquitous accessories.In out-
crop the clastic units form hoodoos and appear dark gray tolight
bluish gray.Solid lavas tend to form cliffs or steep slopes and are
of darker color than clastic units.
Stanislaus Group
The stratigraphy of the Stanislaus Group outside of the Little
Walker center is relatively well known (e.g. , Slemmons, 1966; Noble29
and others, 1974) but the relationship of this sequence tointracaldera
units of the center is not completely clear.Outside of the center, the
Stanislaus Group consists of, from bottom to top, the Table Mountain
Latite, Eureka Valley Tuff, and Dardanelles Formation (Noble and
others, 1974).The Eureka Valley Tuff has been subdivided into the
Tollhouse Flat, By-Day, and Upper members (Noble and others,
1974).Presumably, cauldron subsidence accompanied the eruption
of the Eureka Valley Tuff, especially eruption of the giant welded ash-
flow sheets of the Tollhouse Flat and By-Day members.The
Dardanelles Formation may, then, have erupted while intracaldera
volcanism continued at the Little Walker center, although intra-
caldera lavas chemically or mineralogically equivalent to pyroxene
latites of the Dardanelles Formation have not been recognized in this
study (Figure 3).
Stratigraphic relationships within the Little Walker center are
far more complex than those outside of the center.The intracaldera
sequence is dominated by ash-flow tuffs, plug domes, and dikes.
Limited distribution of lavas and dikes makes correlation very diffi-
cult.Correlation has, in many cases, been accomplished by means of
chemical-petrologic similarities when field relationships were
obscure.Beginning with the oldest unit, the intracaldera sequence
includes the Fales Hot Springs Quartz Latite, the Upper Member of
the Eureka Valley Tuff and syngenetic tuffs and lavas of Poore Lake,30
the Latite of Devils Gate and Lavas of Mahogany Ridge.The Lavas
of Mahogany Ridge and pyroclastic units account for the vast majority
of intracaldera fill.The Upper Member of the Eureka Valley Tuff
is the only intracaldera unit which has locally escaped the Little
Walker caldera.
Conflicting K-Ar ages for rocks of the Stanislaus Group,
especially where ages have been determined in different laboratories,
make estimation of the life span of the Little Walker center very
uncertain.The Table Mountain Latite has yielded a K-Ar date of
about 9.0 m. y. ± 0.2 m. y. ,although the age of the overlying Eureka
Valley Tuff is estimated at 9.5 m. y. (Noble and others, 1974).Bio-
tite from cogenetic lithic fragments of the intracaldera Tuffs of Poore
Lake has given K-Ar ages of 8.3 and 8.5 m. y. ± 0.3 m. y. (unpub-
lished data of M. Silberman, 1974), but lithologically and strati-
graphically equivalent units of the Upper Member of the Eureka Valley
Tuff have yielded K-Ar ages of 9.9 ± 0.4 m. y. and 10.0 ± 0.3 m. y. on
biotite (Noble and others, 1974).Errors of at least one million years
are thus indicated by differences between ages for the Table Mountain
Latite and overlying Upper Member of the Eureka Valley Tuff.This
data suggests that the total active life of the center is not long enough
to be resolved by K-Ar dating.31
Timing of Cauldron Subsidence
Distribution of Stanislaus rocks at the Little Walker center
suggests the formation of a caldera shortly after the eruptionof the
two largest welded ash-flow sheets of theEureka Valley Tuff.The
welded quartz latite ash-flow sheet of the Tollhouse Flat Memberof
the Eureka Valley Tuff is nearly twice as large as theoverlying
welded quartz latite ash-flow sheet of the By-Day Member (Noble and
others, 1974).According to Noble and others (1974) these two ash-
flow sheets are much larger than the overlying Upper Member of the
Eureka Valley Tuff.It follows that most cauldron subsidence should
have occurred contemporaneously or after the two early ash-flow
eruptions.Outcrops of the By-Day and Tollhouse Flat members are
rare and very thin along the caldera rimand floor.Rim outcrops
consist of extremely lithic-rich welded lag-fall deposits and thin ash
flows.No outcrop of welded tuff has been found along an uplifted
block of the proposed caldera floor in the Mount Emma-Kirman Lake
area, however.Only lithic fragments of the welded tuffs on an
erosional surface of unconformity cut in Relief Peak Formation sug-
gest their former presence on the caldera floor.The relief on this
unconformity is probably as much as a thousand feet in the Mount
Emma-Poore Lake area (Plate 1), where it is completely submerged
by up to 3,000 feet of poorly welded, lithic-rich, ash-flow tuff, here32
called the Tuff of Poore LakeThis tuff appears to be lithologically
and stratigraphically correlative with the Upper Member ofthe
Eureka Valley Tuff and represents a significant addition to the total
volume of the Upper Member.Considerable erosion of a caldera floor
with high relief must have locally stripped the welded tuffs from the
interior of the caldera, although later Upper Member ash flows filled
in the depression and locally escaped along outward-flowing drainages.
It is possible that cauldron subsidence could have continued during the
Upper Member eruptions, which may account for the change from
erosion in the Mount Emma-Kirman Lake area to accumulation and
ponding of the ash flows.The presence of probable landslide blocks
of By-Day Member welded tuff in lacustrine tuffs of the Upper Mem-
ber northwest of Rickey Peak (Plate 1) suggests that a rapidly eroding
caldera rim was certainly present on the southeast caldera margin
after eruption of the Upper Member.
It is improbable that all cauldron subsidence coincided with the
Upper Member eruptions.Not only would this discount the probably
important role of the voluminous welded tuffs of the Tollhouse Fiat
and By-Day Members, but it fails to explain the distribution of the
Fa les Hot Springs Quartz Latite (FQL). At Fa les Hot Springs welded
and unwelded ash flows of the Upper Member bury a thick pile of FQL
plug domes and flows.The presence of feeder dikes and associated
endogenous domes of the FQL at Fa les Hot Springs proves that this is33
a major vent area for theformation.The FQL was evidently capable
of flowing five miles to the south, because a thinflow of FQL crops
out on the southeast margin of New Range beneathlacustrine tuffs of
the Upper Member (Plate 1).Only a few hundred feet north of the
vent at Fa les Hot Springs, only pre-Eureka ValleyTuff lavas crop out.
This data suggests that a steep caldera margin existed on thenorth
side of Fa les Hot Springs and ponded both the Upper Member and
underlying FQL.This pre-Upper Member caldera must have been
the result of voluminous eruptions of the Tollhouse-Flat and By-Day
ash flows.
Resurgent Fracturing
Ring fracturing and faulting may not have ceased with the last
pyroclastic eruptions.All intracaldera lavas and dikes have vent
areas located in arcuate and ring patterns which may represent
resurgent fractures and faults at depth.Perhaps most suggestive of
this is location of a series of endogenous, low-K latite plug domes of
the Lavas of Mahogany Ridge in a nearly perfect circle in the center
of the caldera at Mahogany Ridge (Plate 1; Figure 6).Unfortunately,
no indisputable proof of resurgent doming wasfound.34
Table Mountain Latite
The Table Mountain Latite is the oldest and most widespread
formation of the Stanislaus Group.It consists of dark colored augite-
olivine-bearing latites in its lower part which is the bulk of the
formation.Upper flows are less voluminous and more highly dif-
ferentiated than the underlying mafic latite flows.The higher Si02
and A1203 of the upper latites caused them to be more viscous than the
lower flows and, together with their small volume, restricted them
to areas near their vents.
Lower flows of Table Mountain Latite probably erupted from
vents at Sonora Pass and possibly the Little Walker center, but the
upper flows must have come largely fromthe Little Walker volcanic
center.Thick sections of pyroxene-olivine latite lavas with cogenetic
dikes in the Sonora Pass area make it certain that this was a major
vent area for much of the formation (Slemmons, 1966).The lower
mafic flows reached as far west as Sonora in the western foothills of
the Sierras, but are recognized no farther east than the eastern
margin of the southern Sweetwater Mountains.The silicic upper
flows are restricted to areas within several miles around the Little
Walker volcanic center and are thickest and most lithologically vari-
able at the center.Much of the lower part of the Table Mountain
Latite may have flowed from the Sonora Pass area west of the Little35
Walker center, but by the time of eruption of the upper part of the
formation the center of magmatism had shifted to the Little Walker
area.This shift was accompanied by a compositional shift toward
more highly evolved lavas which climaxed withthe eruption of over-
lying quartz latite ash flows of the Eureka Valley Tuff.
The Table Mountain Latite has been subdivided into several
informal units within the Little Walker center to aid in detailed struc-
tural analysis of the caldera margin. From bottom to top the Table
Mountain Latite consists of the Lower Member, Large-plagioclase
Member, Two -pyroxene Member and Upper Member. The Lower
Member consists of augite-olivine-bearing lavas which are similar to
those at Sonora Pass.The overlying members are much less
voluminous and mafic than the Lower Member. The Large-
plagioclase Member is the only upper unit which occurs more than a
few miles outside of the Little Walker center.
Lower Member-Table Mountain Latite
The basal unit of the Table Mountain Latite is here informally
called the Lower Member.It is about 700 to 800 feet thick at Flat
Iron Ridge where it consists of several flows of augite -olivine-bearing
latite lava and subordinate autobreccia (Figure 9; Plate 1).The
Lower Member is thicker than this at Sonora Pass to the east
(Slemmons, 1966) which may be the source of much of the unit.FlowsFeet
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correlative to the Lower Member thin both east and westof Sonora
Pass, but are most extensive toward the west.The western exposures
appear to be intracanyon flowswhich roughly follow a river valley
nearly coincident with the present Stanislaus River.The Lower Mem-
ber has been recognized as far west as Knights Ferry nearSonora in
the western Sierran foothills but appears restricted onthe east to the
southern Sweetwater Mountains and Little Walker Volcanic center.
The age of the Lower Member is not known with certainty, but
it is older than overlying Eureka Valley Tuff which has beenradio-
metrically dated at 9.5 m. y. (Noble and others, 1974).Dalrymple
(1964) obtained a K-Ar data of 9.0 m. y. f 0.2 m. y. on a Lower Mem-
ber lava flow, but this age is probably too young.The Lower Member
may be so similar in age to the EurekaValley Tuff that the difference
in age is not resolvable by K-Ar dating.
The Lower Member is lithologically variable at the Little
Walker center, but may normally be distinguished from all other
lavas by the presence of olivine and augite phenocrysts without signifi-
cant orthopyroxene or hornblende.The lower part of the Lower Mem-
ber is most easily recognized because of distinctive large (3 to 5mm)
plagioclase and augite phenocrysts.In thin section lower flows of the
Lower Member have anhedral to subhedral labradorite (An 58, 15
percent) phenocrysts with much less subhedral to euhedral augite
(2 percent) and anhedral, 0.8 mm olivine (4.6 percent) phenocrysts38
often altered to iddingsite or serpentine.The groundmass is a
pilotaxitic mixture of plagioclase microlites with subordinate augite,
olivine, and accessories.Sparse apatite and Fe-Ti oxides are the
chief accessory minerals.
The lower flows of the Lower Member are overlain at Flat Iron
Ridge (Figure 9) and elsewhere in the southeastern part of the Little
Walker center by a flow of similar augite olivine latite which has
somewhat smaller augite and olivine phenocrysts than the lower flows
and a second generation of plagioclase microphenocrysts.In hand-
sample this flow is very difficult to distinguish from the Lavas of
Mahogany Ridge, but careful inspection will reveal the second genera-
tion of plagioclase phenocrysts, lack of orthopyroxene, and somewhat
fewer large phenocrysts than is characteristic of the Lavas of
Mahogany Ridge.In thin section the two generations of plagioclase
phenocrysts (An 54, 2.5 mm and 1 mm) are more abundant (27.5 per-
cent) than plagioclase in the lower flows and are accompanied by sub-
hedral to euhedral augite (2.3 percent, 2 mm) and smaller, anhedral
olivine (7.7 percent, 0.8 mm) phenocrysts.Phenocrysts are set in a
groundmass of subaligned microlites of plagioclase with subordinate
augite, olivine and Fe-Ti oxides.Apatite and Fe -Ti oxides are
ubiquitous accessory phases.
Outcrops of the Lower Member, like much of the Table
Mountain Latite, appear less fresh than intracaldera lavas and tend39
to form cliffs or steep slopes.Reddish brown autobreccias and
vesicular flow tops however, tend to form gentle slopes(see Figure
9).Hand samples are generally medium gray to reddish brown and
have numerous small scale fractures in some cases.Samples from
flow tops are generally vesicular and locally have abundant amygdules
of calcite or chalcedony. No plug domes or coulees of the Lower
Member have been found; instead, all outcrops appear to be simple,
relatively thin flows, similar to basaltic flows.This is in marked
contrast to similarly mafic lavas of the intracaldera Lavas of
Mahogany Ridge rocks which substantilly increase the viscosity of the
original magmas.In any case, this difference in occurrence together
with lack of amygdaloidal flow tops or reddish autobrecciated units in
the Lavas of Mahogany Ridge help to distinguish them from the Lower
Member.
Large-Plagioclase Member-Table Mountain Latite
The Large-plagioclase Member of the Table Mountain Latite is
probably one of the most easily recognized units at the Little Walker
center.It may be unambiguously recognized by its large (1 to 2 cm)
labradorite (An 55) phenocrysts which are normally the only large
crystals in the rock.Lack of significant large mafic crystals and
predominance of plagioclase reveal a radical compositional change in
these rocks compared to the underlying Lower Member and overlying40
Two-pyroxene Member.The Large-plagioclase Member is a very
aluminous, low-Ca-Mg latite compared to normal mafic latites of the
Lower Member.
Both the source and relative volume of the Large-plagioclase
Member may be estimated by its distribution.All known outcrops of
these rocks occur within a few miles of the Little Walker volcanic
center, and in most areas remote from the southeast margin of the
Little Walker caldera, the Large-plagioclase Member is directly
overlain by the Eureka Valley Tuff.The Little Walker center is,
thus, the most likely source of the Large-plagioclase Member.
Persistence of the Large-plagioclase Member beyond areas where the
overlying Two-pyroxene Member and Upper Member of the Table
Mountain Latite crop out suggests that it is of much larger volume
than those lavas.The Large-plagioclase Member is much more
restricted in areal distribution and therefore of smaller volume than
widespread flows of the Lower Member of the Table Mountain Latite.
The Large-plagioclase Member undoubtedly consists of two or
more flows, because the percentage of plagioclase phenocrysts ranges
from about 30 percent to 3 or 4 percent in various outcrops.The
most extensive flow contains 26.6 percent anhedral labradorite (5 mm
to 15 mm, An 55) phenocrysts and heavily iddingsitized, anhedral
microphenocrysts of olivine (0.8 mm) set in a pilotaxitic groundmass
of the same minerals.Traces of Fe -Ti oxides and apatite are41
common to all specimens. Where this extensiveflow crops out at
Flat Iron Ridge (Figure 9),it grades from a solid, highly fractured
gray lava in its interior to highly vesicular light grayrock at the top.
The vesicles are highly flattened parallel to the flow surface and are
coated with a powdery yellow-colored substance.Flow tops tend to
form very gentle slopes, whereas lower parts of flows tend to under-
lie moderate slopes.The lower parts do not usually form steep
slopes because of their highly fractured nature.
Two-Pyroxene Member-Table Mountain Latite
The Two-pyroxene Member is a series of two-pyroxene, low-K
latite lavas and autobreccias which crop out about one mile northwest
of Rickey Peak and below the Eureka Valley Tuff in By-Day Canyon.
Limitation of the thickest sequence of Two-pyroxene Member to the
southeast margin of the Little Walker volcanic center and thinning of
the lavas toward the only other known outcrops at By-Day Canyon
strongly suggest that the Two-pyroxene Member erupted from a vent
at the Little Walker center.
The Two-pyroxene Member is chemically and mineralogically
distinct from the rest of the Table Mountain Latite.It is much less
potassic than other Table Mountain Latite members and contains
orthopyroxene which is very rare in the Table Mountain Latite.The
Two-pyroxene Member actually resembles the Lavas of Mahogany42
Ridge much more closely than it does most of the Table Mountain
Latite.Outcrops of the Two-pyroxene Member at the south end of
Huntoon Creek could be interpreted as intracanyon flows of nearby
Lavas of Mahogany Ridge which may have flowed around high-standing
ridges of Eureka Valley Tuff.Identical outcrops in steep slopes on
the north side of By-Day Canyon appear, however, to be unequivo-
cally below the Eureka Valley Tuff.The Two-pyroxene Member
appears to represent a real chemical anomaly within the pre-caldera
Stanislaus Group. Later petrologic arguments will suggest that the
Two-pyroxene Member may have been partially melted from a source
which was more closely related to the source of the Lavas of
Mahogany Ridge than the source of most of the Table Mountain Latite.
Three features of the Two-pyroxene Member distinguish it from
the Lavas of Mahogany Ridge. A thick section of these lavas consists
of reddish brown autobreccias on the east side of the upper end of
Huntoon Creek (Plate 1).Such autobreccias are rare in the Lavas of
Mahogany Ridge and, where present, are light gray to tan, not red-
dish brown.Plagioclase and hypersthene phenocrysts are highly
corroded by reaction with the liquid in the Two-pyroxene Member, but
most phenocrysts of the Lavas of Mahogany Ridge are much less cor-
roded and more euhedral.The Two-pyroxene Member also has dis-
tinctive, highly colored purplish apatite prisms which are lacking in
the Lavas of Mahogany Ridge.43
In thin section the Two-pyroxene Member has 19.7 percent
heavily embayed, anhedral to subhedral plagioclase (3.0 mm, An 47)
phenocrysts with 10.8 percent euhedral augite (2.5 mm), frequently
in clusters, and 4.7 percent anhedral, resorbed hypersthene (2.0 mm)
phenocrysts showing abundant opaque inclusions along cleavages.The
phenocrysts are set in a pilotaxitic groundmass of pyroxene and
plagioclase.Accessories include 1.4 percent Fe -Ti oxides and
minor, but conspicuous purplish apatite prisms.In outcrop the rock
is usually dark gray and compact but autobrecciated parts are reddish
brown and friable.Solid lava forms steep slopes and autobrecciated
phases frequently form hoodoos.
Upper Member Table MountaiLatite
Numerous small. lava flows which overlie the Two-pyroxene
Member on the southeast margin of the Little Walker center are here
called the Upper Member of the Table Mountain Latite.The hetero-
geneous nature of this unit makes it difficult to describe and even
more difficult to correlate between widely separated outcrops.Most
lavas lumped under this name have few mafic phenocrysts except for
one flow at Flat Iron Ridge which has 8 percent pyroxene.The lack
of mafic phases reflects the rather highly differentiated nature of most
lavas of the Upper Member.These rocks seem to be part of a general
chemical change in the character of the Table Mountain Latite as it44
erupted from vents in the Little Walker Volcanic center.Lavas of
the Upper Member are generally very low in MgO, CaO, and FeO
but high in A1203, similar to the Large-plagioclase Member.In
fact, many outcrops of Upper Member cannot be readily distinguished
from phenocryst-poor lavas of the Large-plagioclase Member unless
field relationships with the Two-pyroxene Member are clear.
In most flows of Upper Member the only phenocryst is
plagioclase which typically accounts for 2 to 3 percent of the rock,
although some lavas have 28 percent plagioclase, and aphyric units
also crop out locally.Hand samples are usually gray with many
closely spaced fractures which may disaggregate the rock into thin
plates, especially in aphyric and nearly aphyric rocks.Completely
rehealed, autobrecciated texture is typical of nearly all of the rocks
of this unit and appears to be one of the few characteristics which is
useful in correlation.Such texture, however, is not unknown in the
Large-plagioclase Member.
Tollhouse Flat Member-Eureka Valley Tuff
The Tollhouse Flat Member of the Eureka Valley Tuff is the
most voluminous and widespread pyroclastic unit of the Stanislaus
Group.It is as thick as 300 feet near the Little Walker volcanic cen-
ter and generally thins away from the center (Noble and others, 1974).
It extends at least 50 miles west of the Little Walker center and45
35 miles to the east.The ash-flow sheet is generally contained
within an east-west drainage system which limited its distribution to
within 10 or eleven miles north and south of the center.Coincidence
of most outcrops of the Tollhouse Flat Member with underlying Table
Mountain Latite suggests that both units followed similar topographic
lows.
Increasing abundance of lithic fragments and large, partially
vesiculated magma lumps (Figure 10) in the ash-flows toward the
Little Walker volcanic center, suggest that the Little Walker center
was the source of the Tollhouse Flat Member.This is supported by
general thickening of the ash-flow sheet toward the margin of the
Little Walker caldera.However, outcrops of the Tollhouse Flat
Member at the rim of the caldera are thin and discontinuous.These
variations in thickness may be explained by efficient flow of much of
the ash-flow sheet off of a topographically high area at the Little
Walker center.This high may have been the result of tumescence of
the area from magmatic pressure, but pre-eruptive topographic
highs may also have been present.
The Tollhouse Flat Member may be distinguished from the
overlying By-Day Member by presence of phenocrystic biotite in
pumice lumps.It is much more difficult to distinguish the Tollhouse
Flat Member from welded units of the Upper Member of the Eureka
Valley Tuff.Noble and others (1974) noted fewer slightly46
vesiculated pumice blocks in the Upper Member, reversed magnetic
polarity in the Tollhouse Flat Member versus normal polarity inthe
Upper Member, and more "spongy plagioclase phenocrysts" inthe
Upper Member relative to the Tollhouse Flat Member.
Figure 10.Near-vent facies of Tollhouse Flat tuff with large,
moderately flattened magma lumps.
Abundant collapsed pumice which may exceed one foot in diam-
eter gives the gray to red brown Tollhouse Flat Member striking
eutaxitic texture in densely to moderately welded sections (Figure 10).
Most of the ash-flow sheet is welded except for thin upper and lower
glassy zones which are only a few inches in thickness.Five or more47
partings can be present within the cooling unit, andthe upper 5 to
20 feet of the sheet generally have ash flows with fewerand smaller
pumice fragments, phenocrysts, and lithic fragmentsthan lower ash
flows (Noble and others, 1974).Lithic fragments of intermediate
lavas and granitic rocks make up about 15 to 20 percent of most
Tollhouse Flat ash flows.
Pumice lumps have somewhat variable amounts ofphenocrysts,
but most have oscillatory zoned plagioclase (An 45) withsmaller
quantities of biotite, augite, magnetite and apatite.Rare hornblende
laths have been observed in some thin sections (Noble and others,
1974).A typical pumice lump sampled from the northeast marginof
the Little Walker caldera contains 12 percent subhedral plagioclase
(An 45, 2 mm), 2 percent subhedral biotite (2 mm), 1 percent
euhedral augite (0. 5 mm) and minor Fe-Ti-oxide phenocrysts set in a
glassy groundmass.Apatite is commonly included within other
phenocrysts.Phenocrysts occur as widely spaced glomeroporphyritic
aggregates in pumice lumps but are broken and much more abundant
in the ash matrix, indicating winnowing of fine ash from crystals.
Intercalated Lavas-Eureka Valley Tuff
Thin latite lava flows have been found between the Tollhouse
Flat Member and overlying By-Day Member of Eureka Valley Tuff at
By-Day Canyon, Tollhouse Flat and on the lower north slope of48
Rickey Peak (Tmel on Plate 1).Only the flow at Rickey Peak has
been sampled in this study, but if it is typical of these units,then
these lavas represent a sharp departure from the compositionof the
ash flows.The low concentration of K2O and presence of two
pyroxenes in this low-K latite lava areanomalous when compared to
the highly potas sic Eureka Valley Tuff and underlying Table Mountain
Latite, both of which lack significant orthopyroxene.Petrologic
considerations in a later section will suggest that this lava, together
with the Lavas of Mahogany Ridge, represent magmas derived from a
fundamentally different source than the latites and quartz latites of
the Stanislaus Group.This source dominated volcanism in the closing
phase of activity at the Little Walker center when extensive two-
pyroxene, low-K latite flows and plug domesof the Lavas of Mahogany
Ridge filled in most of the western interior of the Little Walker
caldera.
About 60 to 100 feet of the two-pyroxene lava crop out north
of Rickey Peak (Plate 1), where it is a dark gray, vesicular rock with
scattered, round vesicles.Phenocrysts consist of 20 percent sub-
hedral plagioclase (An 54), 8 percent subhedral augite, and minor,
corroded orthopyroxene set in a felsitic groundmass.All phenocrysts
are about 2 to 3 mm in diameter. Fe-Tioxides and apatite are minor
accessories, and much of the Fe-Ti oxide is concentrated within and
around hypersthene phenocrysts.The lava typically underlies gentle49
to moderate slopes, and generally doesnot crop out well.
By-Day Member-Eureka Valley Tuff
The By-Day Member of the Eureka Valley Tuff wasthe second
major welded ash-flow sheet to erupt from theLittle Walker volcanic
center.It probably has less than half of the volume andareal extent
of the underlying Tollhouse Flat Member (Noble andothers, 1974).
In most localities the By-Day Member lies directly onthe Tollhouse
Flat Member with only a few inches of poorly weldedtuff to suggest a
cooling break between the two ash-flow sheets.At Tollhouse Flat and
other areas the two members locally are separated bylatite lava or
cross-bedded volcanic sandstones.
Outcrops of Tollhouse Flat and By-Day tuff look very similarbut
the By-Day Member is normally of darker color andlacks pheno-
crystic biotite in pumice. A second generation ofplagioclase micro
phenocrysts in the By-Day Member is also distinctive, andthe first
generation of phenocrysts is somewhat smaller than those ofthe
Tollhouse Flat Member.The By-Day Member is also somewhat less
silicic than the Tollhouse Flat Member.The upper, poorly welded
zone of the By-Day Member,where preserved, is much thicker than
that of the Tollhouse Flat Member.The poorly welded zone is up to
10 or 20 feet thick in some areas.These features are sufficient to
distinguish By-Day Member outcrops from those of the TollhouseFlat50
or Upper Member,regardless of the quality of the outcrop.
Areal variations in lithology and thicknessof the By-Day
Member provide compelling evidence thatthe Little Walker volcanic
center was the vent area for theseash flows.The By-Day Member
thickens from distal areas toward the LittleWalker center to a maxi-
mum of 200 feet nearthe rim of the Little Walker caldera (Noble and
others, 1974).Outcrops on the rim of the Little Walker caldera,
however, are thin and discontinuous, but abruptlythicken outward to
the maximal thicknesses around the margins of thecaldera.The
selvages of By-Day on the caldera rim have extremelyabundant lithic
fragments and locally contain unvesiculated magmablocks of up to
2 feet in diameter (Figure 7).These outcrops appear to be dense
fractions which lagged behind the more mobile part ofthe ash-pumice
emulsion.Similar deposits have elsewhere (e. g. ,Wright and Walker,
1977) been called lag-fall deposits.Because all of these outcrops
have densely welded ash matrices, they are calledwelded lag-fall
deposits.It is evident that such rocks must have been deposited at
or very near their vent.This is considered the best evidence that the
By-Day Member erupted from the Little Walker center.Concentra-
tion of welded lag-fall deposits only on thesoutheast margin of the
Little Walker caldera indicate that this was a specific vent forthe
By-Day Member.It is possible that the same ring fault which bounds51
the caldera on its southeast margin served also as the conduitfor the
By-Day ash flows.
There is very good evidence that cauldron subsidence occurred
shortly after the By-Day eruption.Large blocks of By-Day Member
are found in lacustrine tuffs of the UpperMember of the Eureka Valley
Tuff on the southeast interior margin of the proposed caldera(Figure
8).The Upper Member is underlain at this same location by lavas
of the Fa les Hot Spring Quartz Latite.Because it is unlikely that
eruption of the Fa les Hot Springs Quartz Latite could have caused
collapse, limitation of its lavas to the margins of the proposed
caldera implies that a caldera was caused by previous ash-flow
activity.The only previous ash-flow activity was eruption of the
By-Day and Tollhouse Flat members of the Eureka Valley Tuff.The
best explanation for these observations is that some collapse occurred
during or after eruption of the By-Day and Tollhouse Flat tuffs and
that a caldera lake formed and gradually filled with landslide and
talus debris from the caldera rim as intracaldera volcanism con-
tinued.
In outcrop the By-Day Member is black to dark gray in densely
welded parts but is medium gray in the poorly welded upper part of
the ash-flow sheet.Noble and others (1974) recognized at least three
partings within the cooling unit but concluded that many more are
probably present.Most of the By-Day Member consists of52
spectacularly eutaxitic pumice-rich welded tuff, but where the welded
lag-fall facies is present, it may be mistaken for an autobreccia or
lahar.Abundant welded ash and pumice in the matrix between the
large blocks of cogenetic lava and smaller lithic fragments will, upon
close inspection, reveal the pyroclastic nature of the lag-fallrocks.
The densely welded zone underlies steep slopes or cliffs, while the
poorly welded zone forms gentle slopes.
The composition of the By-Day Member in hand sample and thin
section is distinctive. Pumice has 3 percent oscillatory-zoned
plagioclase phenocrysts in two generations (2 mm and 0.5 mm) with
0.5 percent euhedral augite (0. 5 mm) phenocyrsts.All phenocrysts
tend to be euhedral.The first generation of plagioclase crystals is
quite calcic (An 60) compared to plagioclase of the rest of the Eureka
Valley Tuff.Minor Fe-Ti oxides and apatite are ubiquitous minor
accessories.The ash matrix is more abundant (65-70 percent) than
lithic fragments and pumice in most of the ash-flow sheet, and is
enriched in crystals relative to pumice from winnowing of the ash
component. Dark andesitic lithics account for 10 to 20 percent of the
rock in most outcrops but become much more abundant (50 percent)
in exposures along the rim of the Little Walker caldera.Where
lithic fragments are abundant, they locally are accompanied by
unvesiculated magma blocks as large as 2 feet in diameter.In such
outcrops, the rock is best called a welded lag-fall deposit.53
Fa les Hot Springs Quartz Latite
Approximately 500 feet of biotite-bearing quartz latite lavas
crop out beneath the UpperMember of the Eureka Valley Tuff at Fa les
Hot Springs (Plate 1).This unit is here formally called the Fa les Hot
Springs Quartz Latite (FQL) for exposures at the typesection south of
Fa les Hot Springs (latitude 38° 28° 49" N,longitude 110° 24' 50" W;
Plate 1).The FQL is also well exposed at a reference section onthe
east side of Sawmill Creek, one-half mile southeast ofthe type sec-
tion (latitude 38° 20' 27" N, longitude 119°23' 16" W; Plate 1).
Isolated outcrops of these lavas are found less frequentlysouth of the
Fates Hot Springs-Bush Mountain area and none are known in the
western part of the Little Walker caldera.No FQL has been recog-
nized outside of the Little Walker caldera.The FQL is definitely
older than the Upper Member of the Eureka Valley Tuff and appears
to be younger than the By-Day Member. Althoughthe FQL is over-
lain by Upper Member tuff south of Fa les Hot Springs,the lower con-
tact is frequently obscured by younger dikes or sediments.In a poor
exposure on the southeast margin ofthe caldera the FQL appears to
lie on an erosional surface of unconformity cut in the Large
plagioclase Member of the Table Mountain Latite.Loose boulders
and cobbles of By-Day Member are strewn over the erosion surface
around this outcrop of FQL.Although these boulders and cobbles are54
colluvium, they may represent loosely consolidatedlithic fragments
from this basal unconformity.If this is the case, then the FQL is
definitely younger than the By-Day Member. In any case,limitation
of the FQL to the proposed eastern margin ofthe Little Walker caldera
suggests that it is younger than the caldera.
Fales Hot Springs is probably a major vent for theFQL.
Steeply dipping flow foliation with concentric to randomstrike suggest
that the FQL exposures at the type section are partof an endogenous
dome. A slightly altered dike of FQL crops out at theedge of Fa les
Hot Springs, below this dome, and may represent amajor feeder
conduit.These relations together with general thinning of the FQL
toward the south and its absence north of Fa les Hot Springs suggest
that much of the formation welled up along a steep caldera rim at
Fa les Hot Springs and spread out toward the south alongthe eastern
interior of the caldera.
The lithology of the FQL varies very little except in terms of
degree of alteration and crystallinity.At Fa les Hot Springs and the
reference section, it consists of biotite-bearing, perliticvitrophyre.
Exposures to the south locally are heavily zeolitized and someflows
on the southwest side ofBush Mountain have more groundmass
microlites than the FQL at the type section.In thin section the FQL
has 17.4 percent anhedral to subhedral, glomeroporphyritic
plagioclase (1. 5 mm, An 30) and subhedral biotite phenocrysts set in55
a hypohyaline groundmasscontaining aligned feldspar and biotite
microlites.Fe-Ti oxides and apatite are ubiquitous accessories.In
perlitic specimens plagioclase microlites have slenderextensions
growing from the corners of the laths, parallel to theirlength.Such
"swallowtail" textures are typical of crystals grown in very viscous,
supercooled liquids (Lofgren, 1971).Lack of swallowtail texture in
the microlite-rich lavas on the southwest side of Bush Mountain sug-
gests that these lavas cooled less quickly than was typicalfor most of
the FQL.The Bush Mountain lavas also lack perlitic texture.
Color varies with crystallinity and alteration.Perlitic,
glass-rich FQL is light gray while nearly holocrystalline lavas are
reddish tan.Zeolitic alteration affects the FQL at Little Long Valley
(Plate 1) where outcrops are nearly white.
Flow foliation cleavage and resistance to weathering also vary
according to the degree of alteration.Non-zeolitized units underlie
moderate to steep slopes, whereas altered rocks crop out poorly in
gentle slopes.Unaltered units display excellent flow-foliation
cleavage.
Upper Member-Eureka Valley Tuff
The Upper Member of the Eureka Valley Tuff represents the
dying stages of pyroclastic activity in the Little Walker caldera.
Poorly welded and non-welded ash-flows dominated in these final56
eruptions, although some densely welded units areinterbedded in
many sections.Within the caldera the Upper Member is interbedded
with volcanic sandstones and lacustrine tuffs,but in exposures out-
side of the caldera, detrital units are muchless common.
One thousand feet of Upper member at Yaney Canyon,immedi-
ately beyond the caldera rim, shows distinctive textureswhich may
reveal the mode of eruption.The tuff at Yaney Canyon varies from
typical non-welded ash-flow tuff to crudely bedded, poorlysorted tuff
(Figure 11).The crude beds resemble beds in tuff cones and may be
the result of effusion of water-saturated ash slurries.Such eruptions
may have accompanied repeatedejection of the caldera lake.Out-
crops farther removed fromthe rim are dominated by non-bedded ash
flows.It may be that only the hot, dry ignimbrites weremobile
enough to travel more than a few miles from the rim whereash slur-
ries or phreatic blasts of ash were dominant.
The Upper Member was probably ponded within the LittleWalker
caldera.Estimation of stratigraphic thickness within the eastern
half of the caldera is complicated by extensive disruption ofthe Upper
Member by younger intracaldera dikes and plug domes. Up to500
feet of the tuff is locally exposed in the eastern part ofthe caldera,
but it may be much thicker at depth. Up to 3,000 feet ofcorrelative
tuffs at Poore Lake (Tuff of Poore Lake, Plate 1) on the westside of
the caldera may represent the true thickness of intracaldera tuffsin57
local topographic lows.
Figure 11.Crudely bedded and non-bedded outcrops of the Upper
Member of the Eureka Valley Tuff on thesouth side of
Yaney Canyon.
Some of the intracaldera fill was derived fromerosion of the
rim. On the southeast margin of the calderanorthwest of Rickey
Peak (Plate 1), lacustrine tuffs of the calderalake contain large
blocks of the By-Day Member of the Eureka ValleyTuff.Such blocks
were probably derived fromlandslides off the nearby caldera rim.
Deltaic sandstones within the Upper Member on thenorth side of Bush
Mountain contain penecontemporaneous deformationwhich indicates
rolling of hydroplastic sand layers down a steepdepositional slope.
This slope was oriented west, toward the interiorof the caldera.It
may be that enormousquantities of sand from drainages along the rim58
fed this delta, causing over steepened, unstabledepositional slopes.
The combination of rapid stream deposition and massmovement
probably accounted for a large amount of the totalfill along the
caldera margin.
K-Ar ages of welded ash flows withinthe Upper Member of the
Eureka Valley Tuff are anomalously high.Noble and others (1974)
determined K-Ar ages of 10 ± 0.3 m. y. and9.9 ± 0.4 m. y. from
biotites in welded Upper Member ash flows at Fales Hot Springs and
Tollhouse Flat, respectively.These dates are higher than values of
9. 5 m. y. which are typical for underlying membersof the Eureka
Valley Tuff (Noble and others, 1974).
Welded units of the Upper Member are very difficult to distin-
guish from the Tollhouse Flat Member of the EurekaValley Tuff.
Both are biotite-bearing quartz .latite tuffs, but they differin several
respects.Noble and others (1974) rioted that the UpperMember has
normal polarity and no large, slightly vesiculated pumiceblocks as
found in the Tollhouse Flat Member.In thin section the Upper Mem-
ber has highly resorbed, spongy plagioclase. Interbeddingof welded
units with abundant non-welded ash flows is also distinctiveof the
Upper Member.
Outcrops of the bulk of the Upper Member are usually easily
recognized.Most exposures are dominated by cream to white,
hoodoo-forming non-welded tuff bearing abundant dark andesite or60
Lavas and Tuffs of Poore Lake-Eureka Valley Tuff
Preliminary mapping of the western part of the Little Walker
caldera has revealed extensive outcrops of biotite-bearing quartz
latite ash-flow tuff.This tuff is predominantly non-welded or poorly
welded and very rich in lithic fragments.At Poore Lake at least
2,400 feet and perhaps as much as 3,000 feet of these rocks are
exposed (Plate 1).Because only a few days of field work were avail-
able for reconnaissance of these units in the Pickle Meadow-Poore
Lake area, the stratigraphic relations of the tuffs and associated
lavas in this area are not well known.
The Tuff of Poore Lake resembles the Upper Member of the
Eureka Valley Tuff in most respects and is here tentatively correlated
with the Upper Member.This correlation is supported by the pres-
ence of lithic fragments of By-Day-like and Tollhouse Flat-like tuffs
on an erosional surface of unconformity below the Tuffs and Lavas of
Poore Lake north of Kirman Lake (Plate 1).The Tuff of Poore Lake
is also cut by cogenetic biotite-quartz latite dikes on the west side of
Pickle Meadow, and these dikes are, in turn, cut by plug domes of the
Lavas of Mahogany Ridge at the same locality (Plate 1).The Tuffs
and Lavas of Poore Lake are therefore older than the Lavas of
Mahogany Ridge and younger than the By-Day Member of the Eureka
Valley Tuff.61
K-Ar ages of 8.9 f 0.2 m. y. and 8.6 ±0.2 m. y. (unpublished
K-Ar data of M. Silberman, 1974) from biotitesin cogenetic lithic
fragments of the Tuff of Poore Lake also suggest thatthe tuffs are
younger than the 9.5 million-year-oldTollhouse Flat Member and
By-Day Member (Noble and others, 1974).Unfortunately, these
dates are younger than ages determined for the UpperMember at
Tollhouse Flat and Fa les Hot Springs (9. 9 to 10.0 m. y.according to
Noble and others, 1974).The latter ages are considered too high by
Noble and others (1974) who argue that the preferred age ofthe entire
Eureka Valley Tuff is 9.5 m. y.These arguments indicate that corre-
lation by K-Ar data is rather equivocal, but that the Tuffs ofPoore
Lake may be, in part, younger than the rest of the EurekaValley
Tuff.
Use of chemical and mineralogical composition to correlatethe
Tuffs of Poore Lake is limited by widespread hydrothermal alteration
which affects most outcrops in the western part of the caldera.The
poorly welded tuffs are pervasively propylitized and locallysilicified
and sericitized by hypabyssal, intracaldera plutons which cutthe tuffs
at and north of Mount Emma (Plate 1).These monzodiorite plutons
are compositionally correlative to theLavas of Mahogany Ridge (Plate
1).Except in heavily altered areas, sparse biotite can usually be
recognized in most outcrops and greater amounts of subhedral
plagioclase are always present as phenocrysts.Lapilli-size pumice62
generally make up 25 to 30 percent of the rock and lapilli- toblock-
size lithic fragments locally make up 10 to 25 percent.Some lithic
blocks in the Tuff of Poore Lake are up to several feet in length inthe
Poore Lake-Poison Creek area and can be mistaken for shortdikes in
poorly exposed areas (Plate 1).
Because of incomplete mapping in the westernmost part of the
caldera, no attempt has been made to subdivide various lavas associ-
ated with the Tuff of Poore Lake, thus only a general description of
their mineralogy is appropriate at this time.All of the lavas and
dikes thus far examined have abundant biotite and plagioclase and most
have silica contents high enough to be called quartz latite.The simi-
larity of phenocrysts in the tuffs to those of the Lavas of Poore Lake
suggests that the tuffs and lavas are cogenetic.The lavas may be
easily recognized by their light gray to cream color and abundant,
conspicuous biotite.They appear to be the most biotite-rich members
of the Stanislaus Group.The only Stanislaus rocks known to contain
as much biotite as these lavas are biotite-richlithic fragments in the
Upper Member at Yaney Canyon.In outcrop the Lavas of Poore Lake
underlie steep slopes.
Field relationships among the Lavas and Tuffs of Poore Lake
indicate that the lavas erupted before and after pyroclastic activity.
The lavas have been found below the tuffs and as lithic fragments
within the tuffs, whereas similar magma appears to have cut the Tuffs63
of Poore Lake in long arcuate dikes on the east side of Pickle Meadow
(Plate 1).These dikes appear to follow arcuate fractures or faults
parallel to the projected caldera margin (Plate 1).One altered bio-
tite lathe flow caps the Tuffs of Poore Lake west of Mount Emma
(Tmpu, Plate 1).This flow may have been fed by the nearby dikes.
Both the Lavas and Tuffs of Poore Lake probably erupted from
vents within the western part of the caldera.The large quantity and
size of lithic fragments in the tuff between Poore Lake and Poison
Creek suggest that this area may be at or very close to a vent for the
tuffs.The extreme thickness of the ash flows in the same area (e. g- ,
up to 3,000 feet at Poore Lake) is also evidence that a vent was nearby.
_Arcuate dikes of the Lavas of Poore Lake on the western margin of the
caldera is proof that the lavas erupted there from arcuate fracture or
fault zones.It is likely that magma for both the lavas and tuffs was
conducted to the surface along caldera-margin faults in the Pickle
Meadow and Poore Lake areas.
Variations in the thickness of the Tuffs of Poore Lake and
underlying Relief Peak Formation may be explained by irregular
topography along the unconformity separating the two units.The tuffs
at Poore Lake, Secrete Lake, and Pickle Meadow are up to 3,000 feet
and lie close to granitic basement (Plate 1).The Mount Emma
Kirman Lake section includes up to 1,000 feet of Relief Peak Forma-
tion between the granitic basement and overlying tuffs (Plate 1).64
Thickening of the tuffs thus correlates with thinning ofthe underlying
Relief Peak Formation and vice versa.Such a situation arises when
overlying rocks are deposited on a surface with significantrelief.In
this case a north-south-trending valley must have cut throughthe
Relief Peak Formation in the western part of the Little Walker area.
If the valley was drained by a river, the old river wouldhave followed
a channel near the modern WestWalker River through Pickle Meadow
(Plate 1).
Distribution of the Tuffs of Poore Lake and variation in thickness
of underlying Relief Peak Formation support the conclusionthat the
ancestral West Walker River drained to the south.A thick sequence
of the Tuffs of Poore Lake appears to reach out of the Little Walker
area toward the south, beyond the limits ofthe map area (Plate 1).
Thick exposures of Relief Peak Formation on the north end of this
river valley at the Marine Cold Weather Station and north of Kirman
Lake are free of overlying tuff.The extension of the tuffs to the
south, where they lie close to granitic basement, and absence of the
tuffs on the north, where Relief Peak rocks are thick, may be
explained if the ancestral West Walker River had headwaters on the
north side of Pickle Meadow and flowed south.
The age of the ancestral West Walker River valley may be
inferred from units that it cuts and from lithic fragments left in sands
along its bottom.The valley is definitely older than overlying Tuffs65
of Poore Lake and younger than the underlyingRelief Peak Formation.
Angular blocks of Tollhouse Flat and By-Day Membertuff in thin,
poorly indurated sandstones on the old valley floornorth of Kirman
Lake show that the valley was present shortlyafter eruption of the
By-Day Member of the Eureka Valley Tuff, andthat it began to
receive coarse, angular sediments from nearbyhighlands shortly
before the Tuffs of Poore Lake filled it up.If the ancestral West
Walker River valley were well developed prior to eruption ofthe Table
Mountain Latite and giant welded tuff sheets of the EurekaValley Tuff,
it is strange that no thick sections of these unitshave been found on
its surface.It seems more likely that the valley was not present when
the By-Day Member erupted from nearby vents.This leads to the
conclusion that most of the erosion which cut the ancestralWest
Walker River valley occurred after the major period ofcauldron sub-
sidence associated with eruption of the By-Day and TollhouseFiat
ash-flow sheets.
If the above arguments are valid, then the ancestral WestWalker
River coexisted with the Little Walker caldera.If the river were
outside of the caldera, then it must have cut its valley aroundthe
western rim of the caldera.If the river were within the western part
of the caldera, then it would have had its northernheadwall near the
north end of Pickle Meadow at the caldera rim.The river would then
have been guided south along the western wall of the caldera to issue66
out through a break in the wall onthe southwest side of the rim.
It seems improbable that a river would flow aroundthe outside
of a caldera rim.It is much more likely that it was guided bythe
caldera wall and associated faults.Structural control of this river
valley is supported by evidence of arcuate faults orfractures along
the deepest part of the valley parallel to the valleyaxis and the pro-
jected western margin of the Little Walker caldera.The best evi-
dence for these faults are the arcuate dikes of theLavas of Poore
Lake which follow the deepest part of the ancestralWest Walker River
valley.Considerable offset on caldera faults in the bottom ofthis
valley is suggested by downward displacement of the contactof the
Relief Peak Formation and underlying basement rocks acrossthe old
valley area.Exposures of this contact in high cliffs above the west
side of the modern West Walker River at Pickle Meadow are struc-
turally higher than outcrops of the contact at Mount Emma tothe east
This apparent offset is, however, complicated byBasin and Range
faults with the same sense of movement which may extendthrough the
same area from Lost Cannon Peak(Plate 1).In any case, the weight
of evidence seems to favor interpretation of the ancestral WestWalker
River as an intracaldera stream which left the calderawhere an
earlier caldera lake overflowed and cut the rim on the southwestside.
Extensive escape of the ash flows correlative with the Tuff of Poore
Lake on the north and east side of the caldera is evidence thatsuch67
erosional breaks in the rim were quite common(see the Upper
Member of the Eureka Valley Tuff, Platel).
A final, very speculative paleogeographicpicture emerges from
the above arguments.The Little Walker caldera may have had a
valley along its western rim which was 1,000 feet deeperthan the
adjacent caldera floor and pierced the rim on itssouthwest side.
This valley and several others which cut the northand east walls of
the caldera allowed large ash flows and base-surgedeposits of the
Upper Member of the Eureka Valley Tuffand Tuffs of Poore Lake to
escape the caldera.Nearly 3,000 feet of these ash flows exposed at
Poore Lake is evidence that the ancestral West WalkerRiver valley
was completely buried byintracaldera ash flows which lapped onto the
floor of the caldera to the east.The pre-erosion volume of these
ash-flows is difficult to estimate, but if the section at PooreLake is
any indication, then a tremendousamount of poorly welded tuff may
have once been present in the caldera and surrounding areas.It
would not be surprising if these eruptions were also associatedwith
cauldron subsidence.Such subsidence might explain how the tuffs
became ponded to such great depths in the PooreLake area
Latites of Devils Gate
Small dikes and glassy plug domes of low-Ca-Mg latite and
high-silica latite cut intracaldera tuffs of the Upper Member ofthe68
Eureka Valley Tuff near Devils Gate andalong the north side of Long
Valley Creek near its junction with HuntoonCreek (Plate 1).These
diverse rocks are informally called theLatities of Devils Gate, for
prominent exposures on the south side of DevilsGate.Because these
dikes and domes are apparently overlainand cut by flows and plug domes
of the Lavas of Mahogany Ridge at Bush Mountain(Plate 1), the Latites
of Devils Gate are inferred to be older thanthe Lavas of Mahogany
Ridge but younger than the Upper Member of theEureka Valley Tuff.
The total volume of these rather highly evolved magmas was
quite small compared to all other volcanic units atthe Little Walker
center. A few small dikes and domes of theLatites of Devils Gate
along the eastern margin of caldera are theonly known exposures.
Petrologic arguments to be presented later suggest thatthe Latites of
Devils Gate may be small-volume differentiates ofrising masses of
low-K latite similar in composition to the younger Lavas ofMahogany
Ridge.
The largest dike of the Lathes of Devils Gate follows an
arcuate lineament along a probable calderafault adjacent to the south
side of Devils Gate (Plate 1).This rock has 25.3 percent subhedral
plagioclase (An 62; 3 mm), 1. 5 percent anhedral augite (1mm), and
0.9 percent anhedral hypersthene (0. 5 mm) phenocrysts set in afelty
groundmass of plagioclase and pyroxene microlites.Minor Fe -Ti
oxides and apatite are distributed throughout the rocks.Outcrops are69
medium gray with prominent, nearly horizontal columnarjointing.
Most of the other small intrusions of the Latites ofDevils Gate
are somewhat less maficthan the large dike at Devils Gate.This
difference in composition is reflected in the mineralogyof the other
intrusions.Small glassy plug domes of high-silica latite at Bush
Mountain have more hypersthene than clinopyroxene and somecontain
minor biotite.The plagioclase in these rocks is also more sodic
(An 40) than plagioclase phenocrysts in the dike at Devils Gate.
Small dikes of the Latites of Devils Gate on the north sideof Long
Valley Creek commonly lack mafic phenocrysts altogether.
Lavasc)f Mahogany Ridge
Large, coalescing two-pyroxene, low-K latite coulees and
endogenous domes completely dominate outcrops in the eastern inter-
ior of the Little Walker caldera (Figure 6; Plate 1).These lavas are
informally named for distinctive outcrops at Mahogany Ridge where a
series of endogenous domes of low-silica, low-K latite tohigh-silica,
low-K latite crop out in a nearly perfect circle one mile in diameter.
Subvolcanic dikes and stocks of low-K latite and monzodiorite at Mount
Emma and low-K latite endogenous domes at Pickle Meadow are
chemically and mineralogically correlative to the Lavas of Mahogany
Ridge to the east.Extensive hydrothermal alteration is associated
with the monzodiorite stocks at Mount Emma and Poison Creek to the70
north.Minor patches of similar alteration affects some outcrops on
the south side of Mahogany Ridge as well.
The Lavas of Mahogany Ridge are the youngest rocks of the
Stanislaus Group at the Little Walker volcanic center.They appear
to have erupted from ring and arcuate fracture systemswhich cut
earlier units in the caldera floor.The lavas cut and overlie the
Latites of Devils Gate at Bush Mountain but are overlain by short
flows of the Lavas of Rickey Peak at the junction of HuntoonCreek and
Long Valley Creek.The Lavas of Mahogany Ridge may have erupted
at about the same time as the Dardanelles Formationwhich overlies
the Eureka Valley Tuff and underlies the Disaster Peak Formation to
the west (Slemmons, 1966).
It is possible that the close of volcanism at the LittleWalker
caldera was associated with extensive resurgent fracturing as the
Lavas of Mahogany Ridge welled up from the central and eastern part
of the cauldron.Occurrence of all known outcrops along arcuate and
ring lineaments is certainly suggestive of this, but older caldera
fractures and faults may also have served as conduits for the magma.
Two-pyroxene low-K latite is by far the most voluminous rock
type in the Lavas of Mahogany Ridge, but three other lithologies occur
locally.At Mahogany Ridge a low-silica olivine latite and high-
silica, biotite-hornblende-bearing latite crop out (Plate 1).The most
highly evolved members of the formation are biotite-pyroxene-bearing71
quartz latites which occur in small outcropsat Buck Springs near
New Range (Plate 1).Some of the quartz latites may have erupted
before the main part of the Lavas of MahoganyRidge, but outcrops at
Buck Springs are not well enough exposed to confirm ordeny this
interpretation.
Except where heavily weathered, the two-pyroxenelow-K latites
may be distinguished from mostolder Stanislaus lavas.They gener-
ally appear much less altered and weathered thanolder units and have
a much greater abundance ofphenocrysts than any older unit, except
the Two-pyroxene Member and upper flow of the Lower Memberof the
Table Mountain Latite.Thin section study may be required to dis-
tinguish the Two-pyroxene Member and upper flow of the Lower Mem-
ber of the Table Mountain Latite.The upper flow of the Lower Mem-
ber of the Table Mountain Latite lacks orthopyroxene andhas a
second generation of plagioclase microphenocrysts.Hyper sthene
and plagioclase of the Two-pyroxene Member is much morecorroded
than that of the Lavas of Mahogany Ridge.
Two pyroxenes occur in every flow of the Lavas of Mahogany
Ridge, regardless of variations in chemical composition, but pyrox-
enes are most abundant in the low-Klatites which probably account
for 90 percent of the formation.The two-pyroxene low-K latites
usually contain 30 to 35 percent euhedral plagioclase (An 54, 3mm),
7 to 10 percent euhedral augite (2 mm) and 2 to 5 percentsubhedral72
hypersthene (1 to 2 mm) phenocrysts set in a groundmass ofdark
brown glass or felsitic material.Minor anhedral microphenocrysts
of olivine (0. 1 mm to 0.5 mm) are commonly presentbut may be
wholly or partly altered to iddingsite or serpentine.Apatite and
Fe -Ti oxides are ubiquitous in all units.Orthopyroxene is sometimes
rimmed in augite and microphenocrysts of olivine arecommonly
gathered around these augite rims.This sequence of crystallization
may occur as basic magmarises from depths where orthopyroxene is
the dominant mafic phase to shallow levels whereolivine and clino-
pyroxene are most stable(Green and Ringwood, 1968).Hornblende-
bearing members of the formation contain the usual two-pyroxenes
but pyroxenes are in reaction to hornblende.The biotite-bearing
quartz latites also contain two-pyroxenes but biotite is moreabundant
and has relict amphibole cleavage lines.Outcrops of all units are
dark gray, and weather to reddish gray.The lavas generally form
steep slopes and cliffs.
Lavas of Rickey Peak
The youngest volcanic units in the Little Walker volcanic center
are hornblende-biotite dacites andhigh-silica, andesites which crop
out extensively in the eastern half of the area(Plate 1).In keeping
with previous nomenclature of Halsey (1953) these rocks are infor-
mally named the Lavas of Rickey Peak for a prominent plug dome73
which forms the top of Rickey Peak.Coulees of these viscous lavas
overlie the Lavas of Mahogany Ridge at the junction ofLong Valley
Creek and Huntoon Creek. A K-Ar age of 7.3 ±0.2 m. y. on biotite
from a dacite dome at New Range confirms their post-Stanislaus age
(unpublished K-Ar data of M. Silberman, 1974).This age is similar
to ages obtained on hornblende andesitesand dacites of the Disaster
Peak Formation to the west and the Willow Springs Formationand
Bodie andesite to the east (Slemmons, 1966; Gilbert andothers,
1968).The andesites and dacites of all of these formations are
representative of the dying phases of general calc-alkalicvolcanism
in the northern Sierras and western Great Basin during theearly
Pliocene.
The Lavas of Rickey Peak appear to erupt exclusively as plug
domes which merge upward into endogenous domes and shortcoulees.
Because virtually every outcrop is at or very near a vent, the distri-
bution of outcrops is also the distribution of vent areas.In most
cases the vents appear to lie along north-southlineaments parallel to
Basin and Range faults.Many of these vents follow presently active
normal faults.It is possible that Basin and Range tectonism began to
affect the Little Walker area as early as 7.3 m. y. ago when these
fractures or faults channeled the Lavas of Rickey Peak to the surface.
The Lavas of Rickey Peak are the most easily mapped units in
the area.Their occurrence in steep-sided flow-foliated flows and74
plug domes together with their light color andabundant hornblende and
biotite phenocrysts are distinctive(Figure 12).The only rocks which
might be mistaken for the Lavas of RickeyPeak are the Relief Peak
Formation and hornblende-biotite-bearingmembers of the Lavas of
Mahogany Ridge. Absence of phenocrystic pyroxenein the Lavas of
Rickey Peak, their intrusive character, andless potassic composition
compared to the Relief Peak and MahoganyRidge rocks will unam-
biguously distinguish them.
Figure 12.Endogenous dome of biotite-dacite of the Lavas ofRickey
Peak on the north side of Long Valley Creek.Note the
excellent flow foliation cleavage and light colorwhich
characterizes the Rickey Peak rocks.75
Prominent white to light gray ridges and isolated buttes all over
the eastern part of the map area and much of the easternSweetwater
Mountains are composed of the Lavas of RickeyPeak.The outcrops
usually show prominent flow foliation cleavage which formstalus
cones of thin cleavage plates atthe base of steep slopes.These
cleavage plates may be a valuable source of decorativebuilding stone.
Hand specimens normally appear fresh and unalteredwith conspicuous
phenocrysts of hornblende or biotite or both.Large glomero-
porphyritic clumps of plagioclase are present in most specimensand
may be accompanied byunmelted xenoliths of granitic rocks.In thin
section the Lavas of Rickey Peak have 5 to 10 percent euhedral to
subhedral hornblende (1 to 3 mm) and 5 to 25 percent euhedral tosub-
hedral plagioclase (An 50 to An 68) phenocrysts set in a felsitic to
glassy groundmass.Plagioclase phenocrysts are either in one
generation averaging 1.0 to 1.5 mm or in two generations averaging
1.0 mm and 4 mm. The early 4 mm crystals are heavily embayed
while the later phenocrysts appear to be in equilibrium with the melt.
The ratio of hornblende to biotite phenocrysts is a function ofthe
silica content such that mafic end members may have only hornblende
while silicic dacites have biotite as the sole mafic phase.Apatite and
Fe-Ti oxides are common to all samples, but minor zircon is limited
to the dacites.76
CHEMICAL CHARACTER OF MAJOR VOLCANIC UNITS
Introduction
The chemical character of volcanic units at the Little Walker
center may be evaluated in terms of chemical trends andabsolute
abundance of major and trace elements.One of the most useful
diagrams for this purpose is the MgO variation plot.MgO may be
expected to decrease during either calc-alkaline or tholeiitic(e. g.,
Skaergaord-type) differentiation, so that the MgO content is an excel-
lent differentiation index. However, some scatter is introduced in
these diagrams as a result of analytical error when MgO is low in
highly evolved units. MgO variation diagrams for all major elements
are presented in Figures 13through 17.
AFM, Harker, chondrite-normalized rare earth element (REE)
plots, and other diagrams will also be used where appropriate.The
distinction between Hca lc-alkaline" and '`tholeiitic'" differentiation will
be based on the variation of Fe/Mg with Si02, utilizing Miyashiro's
(1974) compositional fields, and on the standard Peacock Index.
Where sufficient data are available, petrogenetic processes will
be examined which might account for the chemical trends.In later
sections this qualitative treatment will be critically evaluated in the
light of quantitative fractionation and melting models.7.0
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Rock Classification
Rock names have been assigned on the basis of the variation of
K20 and silica (Figure 13) adapted from Priest (inpress) and Noble
and others (1976).As can be seen from the diagram, the Table
Mountain Latite and Latites of Devils Gate are chieflylatites, while the
younger Lavas of Mahogany Ridge arechiefly low-K, low-Si latites.
Some highly evolved end members of the Lavas of Mahogany Ridge, the
Fa les Hot Springs Quartz Latite, and the Eureka Valley Tuff are
quartz latites.K20 of the Lavas of Poore Lake is highly variable,
probably from mild hydrothermal alteration, but at least one sample
is latitic, and all are quite silicic.
The typically calc-alkaline Relief Peak and Rickey Peak lavas
are much less potassic than theStanislaus rocks (Figure 13).The
Relief Peak andesites are, however, more potassic and less silicic
than the younger Rickey Peak lavas.The Rickey Peak rocks are
mostly dacites, whereas the Relief Peak lavas are chiefly high-K
andesites.
Relief Peak Formation
The Relief Peak Formation is less silicic than the younger
Rickey Peak lavas and less iron-enriched than the latitic series
(Figure 18).The data for the Relief Peak Formation show considerable6.0
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scatter, indicating that samples may befrom flow units of widely
divergent evolution, possibly from widelyseparated volcanic centers.
Because of this scatter, a meaningful Peacock Index cannotbe calcu-
lated, but close approach of total alkalis to total CaO atsilica con-
tents of 55 percent to 60 percent suggestscalc-alkaline character
(Appendix Table II. 1).
It is significant that all samples of Relief Peak Formationhave
total alkalis greater than CaO even at low(55.5 percent) SiO2.They
appear to be somewhat morealkaline than the Lavas of Rickey Peak
(Peacock Index = 61); this is also reflected in the MgO variationdia-
grams of Figures 13,14, and 19 which show that absolute alkalis and
incompatible elements of the Relief Peak Formation are higherthan
the Lavas of Rickey Peak at similar MgO.
The Relief Peak Formation is much less potassic than the
Stanislaus Group and has lower TiO2than the Table Mountain Latite
at similar MgO (Figure 17).Incompatible elements are also lower in
the Relief Peak than all Stanislaus rocks (Figure 20).
Table Mountain Latite
The mineralogical variability of the upper part of the Table
Mountain Latite is reflected in the scatter in the variation diagrams
(e. g. ,Figures 13-19).The formation is distinctive, however, in
containing the greatest enrichment in large-ion-lithophile (LIL) and15
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incompatible elements of any unit exposed at the Little Walker center.
It appears that this initial, voluminous outpouringof latitic magma
tapped a source far richer in these elements than thatavailable for
subsequent eruptions.
Although the Eureka Valley Tuff has higher absoluteabundances
of LIL elements, it will be shown by quantitative modelingthat any
logical parental magma for the tuffs would be less enriched thanthe
bulk of the Table Mountain Latite at equivalent degrees ofdifferentia-
tion.Stanislaus rocks younger than the Table Mountain Latite are
successively less enriched in large-cation elements, untilby the time
of eruption of the youngest unit (the Lavas of MahoganyRidge), the
character of volcanic activity may be characterized as onlymargin-
ally potassic (latitic) tending toward normal talc- alkalinemagmatism
(Figures 13,14, and 18).
The series of differentiates from the voluminous Lower Member
of the Table Mountain Latite (rich in pyroxene + olivine) tend tob e
aluminous, low-Ca-Mg latites of trachytic character with quite high
Fe/Mg from Mg-depletion rather than Fe-enrichment.Nevertheless
this series of evolved magmas has a distinctly noncalc-alkaline char-
acter compared to trends of normal talc- alkaline seriessuch as the
Lavas of Rickey Peak (Figure 18).An accurate Peacock Index cannot
be calculated owing to lack of silica-enrichment in the evolved rocks,
but the Lower Member sample, 177-2 (Appendix Table I. 1), has total87
alkalis subequal to CaO at 56.0 percent SiO2.One of the most highly
differentiated units is the Large-plagioclase Member which hasHf
and Th contents equivalent to the Eureka ValleyTuff (Appendix
Table II. 1).The SiO
2of this unit (56.3 percent) is, however, much
lower than that of the tuffs (64.5 percent to66.4 percent SiO2),
whereas the A1203 of the Large-plagioclase Member (18.6percent) is
much higher than the tuffs (16.8 percent to16.9 percent).If the tuffs
had Low-silica latite parents, similar to the parent of theLarge-
plagioclase Member, then it may be possible that the total patternof
variation of Stanislaus samples on Figure 18 represents twodivergent
series from parents similar to the Lower Member ofthe Table
Mountain Latite.These divergent paths may be produced by differ-
ences in the ratio of plagioclase +magnetite to pyroxene in fraction-
ating assemblages.Clearly, high degrees of magnetite and plagio-
clase separation would limit enrichment in Fe and Al, aswell as
producing silica enrichment.Petrologic mixing models presented in a
later section confirm this possibility.Similar arguments apply to
evolution of the acuminous low-Ca-Mg latites of Devils Gate and the
siliceous members of the Lavas of Mahogany Ridge.It may be that
small differences in the oxygen fugacity and depth of crystallization-
differentiation may account for the two divergent paths.
Chondrite-normalized rare earth (RE) abundance plots of the
Lower Member of the Table Mountain Latite are distinctive fortheir88
steep negative slopes (highLa/Sm and Tb/Lu) and large negative
europium anomalies (Figure 20).The absolute abundance of REE in
the Table Mountain Latite is much greater thanthat of younger rocks
and subequal to the highly evolved Eureka ValleyTuff (Figure 20).
The larger europium anomalies may be fromsignificant plagioclase
involvement in the evolution of the Lower Member atrelatively low
oxygen fugacity (highEu-1-2 /Eu+3).It will be shown that the steep
negative slope of the RE curves is not the product ofhigh level
fractionation.This leads to the conclusion that the steep slopes are
an attribute of the original partialmelts imposed by equilibration with
a mantle source.
Eureka Valley Tuff
The Eureka Valley Tuff is distinctive for its high (64.0 to
66.4 percent) SiO2 and very high LIL and incompatible element con-
tent (Figures 13,14,15, and 19).U sing SiO2 and K2O limits of
Noble and others (1976), the tuffs are quartz latites(Figure 13).The
chemistry of the Upper Member of the Eureka Valley Tuff will notbe
discussed, because lack of analyses of non-hydrated glass fromthis
unit preclude comparison with non-hydrated glass analyses ofthe
rest of the Eureka Valley Tuff.
The Fe /Mg Harker diagram of Figure 18 shows the Eureka
Valley Tuff as only marginally calc- alkaline, being very near the field100
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of tholeiitic rocks.The ash flows are, however, much less iron-
enriched than the aluminous low-Ca-Mglatitic lavas in the upper part
of the Table Mountain Latite.
Chondrite-normalized RE curves of the Eureka ValleyTuff are
nearly identical in relative and absoluteabundances with those of the
Lower Member of the Table Mountain Latite(Figure 20).This may
disallow derivation of the tuffs from the moremafic Lower Member by
fractionation, since REE would be expected torise during differentia-
tion, unless significant apatite separates.Quantitative arguments in
a later section suggestthat latite magma parental to the Eureka Valley
Tuff would have been less enriched in LILand incompatible elements
than the Table Mountain Latite.
Comments on the RE curves of the Table MountainLatite in the
previous section apply to the Eureka ValleyTuff, because the
abundances are essentially the same.The large negative Eu anomaly
and low abundance of ferromagnesianelements characteristic of the
tuffs reflect large amounts of high-leveldifferentiation (Figures 16,
20, and 21).
The Tollhouse Flat Member is more silicic,higher in all LIL
and incompatible elements (except Ba), andlower in ferromagnesian
elements than the By-Day Member (Figures 17,19, 21, and 22).This
implies that the Tollhouse Flat Member is a morehighly differentiated
magma than the By-Day Member.The lower Ba content of the91
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Tollhouse Flat Member (Figure 22) may be due tosignificant biotite
separation, because Ba acts as an includedelement in biotite
(Higuchi and Nagasawa, 1969).Because biotite is not present in the
By-Day Member, no such depletion of Ba has affectedit.Mass
balance calculations of a later section indicate thatseparation of
biotite from a magma similar but not identical to the By-DayMember
could yield a daughter liquid similar to the Tollhouse FlatMember.
Fa les Hot Springs Biotite Quartz Latite
The major element composition and mineralogy of the Fa les
Hot Springs Quartz Latite (FQL) is similar to the TollhouseFlat Mem-
ber of the Eureka Valley Tuff, although the FQL is somewhatlower
in Fe0, MgO, CaO and TiO2 (Figures 16 and 17).Halsey (1953) even
suggested that the outcrops at Fa les Hot Springs might mark the vent
area for tuffs of the Stanislaus Group.
The paucity of the LIL and, especially, incompatibleelements in
the FQL in comparison to the Eureka Valley Tuff makes relation
between these units by fractional crystallization unlikely(Figures 13
and 19).The somewhat lower ferromagnesian element content(more
evolved composition) of the FQL in comparison to the tuffsfurther
precludes any simple relation between the two (Figure 21).Clearly,
any magma parental to the FQL musthave been less enriched in
large-cation elements than magmas parental to the Eureka Valley94
Tuff.These data confirm a general decrease of LIL and incompatible
elements in the younger Stanislaus magmas.
The chondrite-normalized RE pattern of the FQL is similar to
that of the Eureka Valley Tuff, although absolute abundances are lower
than the tuffs (Figure 23).The large negative Eu anomaly probably
reflects significant plagioclase fractionation at high levels in the
crust.The steep negative slope of the RE pattern is essentially
identical to the other Stanislaus rocks, probably reflecting similar
processes of partial fusion from a common source.
Lavas and Tuffs of Poore Lake
No unaltered pumice of the tuffs of Poore Lake have been found
for analysis, so they will not be discussed in this section.Minera-
logically similar lithic fragments with only slight alteration at Poore
Lake (samples ME-3, ME-4, and F-333, Appendix Tables I. 1 and Ill)
and one arcuate dike north of Poore Lake (sample F-336) provide the
basis for a preliminary analysis of the composition of the Lavas of
Poore Lake.
The presence of biotite as the only significant mafic silicate
phase in both the lavas and tuffs of Poore Lake implies a highly
evolved, silicic composition.This is confirmed by analyses of the
lavas which have rather high alkalis and SiO2but low ferromagnesian
elements (Figures 14,16, and 21; Appendix Tables II. 1 and IL 2).100
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The abundance of incompatible elements Thand Hf is anoma-
lously low in the lavas (Figure 19).The significance of this is not
readily apparent because the abundance ofhighly charged cations may
be strongly affected by hydrothermalfluids (Holland, 1972), and all of
the samples were exposed to slightalteration.
All of the Poore Lake lavas have Fe/Mg within the field of
tholeiitic series on Figure 18, although theylie only a little way above
the calc-alkaline series. More detailed treatmentof the chemistry
of these rocks is not warranted, becausemapping of the field relation-
ships is not complete; also, completely freshsamples have not been
found for analysis.
Latites of Devils Gate
Some lavas of this group are similar toaluminous low-Ca-Mg
latites of the upper part of the Table MountainLatite (e. g. ,the
Large-plagioclase Member).The low-Ca-Mg latites are character-
ized by high Fe/Mg (lying wholly in the tholeiiticfield of Figure 18),
high A1203 and alkalis (Figures 13- 15) but relativelylow Si02 even in
lavas almost completely depleted in MgO (e. g. ,D-289, Appendix
Table II. 1).
The Devils Gate rocks also resemble the PooreLake lavas in
many respects.They have similar alkali, MgO, and Si02 contents
(Figures 13-16).97
Lavas of Mahogany Ridge
The Lavas of Mahogany Ridge are the youngest, most LILand
incompatible-element-depleted latitic magmas of the Stanislaus Group
(Figures 13, 19, and 20). The bulk of this magma series is low-K, low-Si
latite but small-volume differentiates may be as siliceous as quartz
latite (Figure 13).The differentiation series is typically calc-
alkaline, showing a strong rise in SiO2 with falling MgO(Figure 15)
as Fe/Mg remains constant or risesslightly (Figure 18).
These lavas stand apart from the earlier Table Mountain Latite
not only by their depletion in incompatible elements(Figure 19) but
by much lower TiO2 (Figure 17).They also show smaller negative
Eu anomalies than earlier Stanislaus rocks (Figure 20).It will be
shown later that both characteristics may be compatible with rather
high oxygen fugacity and, thus, possible high PH
2
which would favor
+3 low Euand crystallization of iron-titanium oxides (Osborn, 1959).
HighH2O P may also explain the unique presence of two pyroxenesin
these rocks (Green and Ringwood, 1968; Ringwood, 1974) and the
tendency for hydrous minerals to occur in intermediate to silicic
members (Stern and others, 1975).
Petrologic mixing models will be presented which show that the
major element data is consistent with derivation of the silicic, calc-
alkalic series by fractionation of a low-pressure plagioclase + two98
pyroxene + iron-titanium oxideassemblage from low-silica, low-K
latite parents.Another mixing model will show that a divergent
chemical trend toward aluminous low-Ca-Mg latite withhigh Fe/Mg
may be produced from MahoganyRidge parents by high pressure, low
PH0fractionation.The latter, more "tholeiitic" trend can evolve
2,
magmas similar to the Laties of DevilsGate.These two trends are
comparable to rather similar variations within the earlierStanislaus
rocks (e. g. ,differentiation to quartz latites of the Eureka Valley
Tuff and aluminous low-Ca-Mg latite of the Large-plagioclaseMember
of the Table Mountain Latite).
The Lavas of Mahogany Ridge are enriched in potassium(Figure
13) and incompatible elements (Figure 19) relative to either the Relief
Peak or Rickey Peak lavas.The Mahogany Ridge differentiates also
show more increase in Fe/Mg with rising silica than do the Rickey
Peak lavas (Figure 18).The iron-rich and strongly subsilicic nature
of the biotite-hornblende-dominated liquidus assemblage of the Rickey
Peak rocks may account for the differences in Fe /Mg and Si02 of
their differentiates relative to the latitic series.
Conclusions
The latitic magmas of the Stanislaus Group are characterized
by distinctly higher Fe/Mg, potassium, and incompatible elements
than the typically calc-alkaline lavas of Rickey Peak and Relief Peak99
at similar silica and MgO content.Stanislaus rocks show two dis
tinctly different differentiation trendsg one leading to quartz latite and
one toward aluminous low-Ca-Mg latite.The trend toward low-Ca-Mg
latite is characterized by sharply falling MgO, FeO, and CaO; rising
alumina, alkalis, and FeO /MgO, and nearly constant or slightly rising
silica.The final product is a ferromagnesian-poor latite with only
plagioclase as the dominant phenocryst because of the high alumina
content.Variation toward quartz latite is best documented for the
Lavas of Mahogany Ridge which have a series of differentiates showing
sharply rising silica and alkalis at nearly constant alumina as MgO,
FeC, and CaO fall.The Fe /Mg rises only moderately during differ-
entiation, in contrast to the low-Ca-Mg latite differentiates.
The younger Stanislaus magmas are generally less enriched in
alkalis, incompatible trace elements, and REE than older units.
The younger calc-alkaline suite (the Lavas of Rickey Peak) are, like-
wise, less enriched in large-ion elements relative to the older series
(Relief Peak Formation).It may well be that progressive depletion of
the Stanislaus source and the calc-alkalic source of large-ion elements
may account for this long term chemicalchange.100
QUALITATIVE EVIDENCE FOR CRYSTAL FRACTIONATION
Introduction
Certain elements are uniquely included or excluded from
various crystal phases during magmatic crystallization.This sec-
tion will utilize petrogenically distinctive major and trace element
abundances and ratios to detect chemical "fingerprints" imposed by
crystal fractionation.
Plagioclase Fractionation
All phenocryst minerals in the magmas considered here exclude
Sr and Al relative to liquid except for plagioclase (Figure 24; Arth,
1976).Plagioclase also strongly accepts Eu relative to other REE
(Figure 24).Plagioclase separation should enrich the residual liquid
CaO in relative to Sr unlike all other phenocryst phases, especially
augite and hornblende, which should strongly raise Sr /CaO (Figure
24; Higuchi and Nagasawa, 1969; Arth, 1976).Plagioclase is also the
only low-pressure phase capable of raising SiO 2/A1203 in residual
liquids (Figure 24).
Figure 25 shows only slight increase of Sr and Sr/Ca with
differentiation in mafic members of all series; this may indicate that
either hornblende or augite is overcoming the plagioclase effect.In
more evolved members (e.g., below 2.0 percentMgO) Sr falls with101
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Figure 24.Distribution coefficients of plagioclase versus ionic
radius for basalt (solid lines) and low-K, low-Si latite
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decreasing MgO, indicating predominanceof plagioclase in the
fractionating assemblages (Figure 25).Because the distribution
coefficients of Sr and CaO are similar forplagioclase relative to
melt, the change of Sr/Ca0 is more subtle thanthe change of Sr, but
a leveling off or a slightdecrease of this ratio with decreasing MgO
is apparent in evolved samples (Figure 25).If the magma series were
related by only augite or hornblende separation, both Sr andSr/Ca°
would rise very steeply.
Sm/Eu should rise during fractionation if plagioclase in
involved, because no other phenocryst can significantlyaffect this
ratio.Figure 26 shows a very significant rise inSm/Eu with increas-
ing differentiation in all magma series.This is considered the best
qualitative evidence for plagioclase fractionation.Sm/Eu was chosen,
rather than some factor associated with the chondrite-normalized
"Eu-anomaly", because the Eu anomalies associated with RE curves
are a function of Tb/Eu as well asSm/Eu.It will be shown later that
augite may strongly raise Eu relative to Tb during fractionationin
latites, thus tending to eliminate or reduce the condrite-normalized
anomaly produced by plagioclase.The chondrite-normalized, RE-Eu
anomalies are, thus, a function of the augite-plagioclase ratio of the
fractionating assemblage in intermediate rocks.It should be noted
that the Lavas of Mahogany Ridge have essentially no negative Eu
anomaly on RE curves, yet show good negative correlation ofSm/Eu6
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Figure 26.Effect of plagioclase fractionation on Sm/Eu. Symbols
as before.105
with MgO.This is probably because of the effect of augite fractiona-
tion.
SiO 2/A1203 is generally high in most fractionated,low -MgO
members of each series (Figure 27).This is probably caused by
dominance of feldspar crystallization from these felsic differentiates.
A Uite Fractionation
The augite distribution coefficient for iron is greater than1.0
in latitic magma (Figure 28).This is in marked contrast to the case
for basaltic magma in which Fe acts as a slightly excluded element
for augite (Figure 28).Because other ferromagnesian phases are
generally at least as iron-rich as coexisting augite (Figures 8 and 30;
Appendix III), no absolute iron enrichment is possible in latitic or
andesitic magma, unlike basaltic magma. Fe/Mg of residual liquids
will tend to rise during pyroxene fractionation from both (Figure 28).
This relationship is demonstrated by universal depletion of FeO in
successively more evolved (MgO -poor) samples throughout the latitic
series (Figure 16).In contrast, FeO /MgO is highly variable, tending
to rise sharply in trends toward highly differentiatedaluminous,
low-Ca-Mg latite and rise less sharply or fall in highly evolved quartz
latites and dacites (Figure 19).
Variations in Fe and Fe /Mg in residual liquids may also be
caused by orthopyroxene and olivine fractionation, thus such4.0
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variations are not unique to clinopyroxene involvement(Figures 28
and 29).Only augite and hornblende may raise Co /Sc by selectively
including Sc relative to Co (Figures 28, 29, and 30).In members of
the latitic series lacking hydrous assemblages, rising or constant
Co/Sc during differentiation would be evidence that augite is a major
phase in the fractionation history, because all other ferromagnesian
phases lower Co/Sc of residual liquids.
The Large-plagioclase Member of the Table Mountain Latite has
a high (1. 7) Co/Sc ratio equal to orhigher than much more mafic
members of that series (sample 177-6, Figure 31).Likewise a
biotite-bearing quartz latite member of the Lavas of Mahogany Ridge
(sample F-206) has similar or higher Co /Sc compared to mafic mem-
bers (e.g., sample D-240 with 6.35 percent MgO, Figure 31).
Because hornblende is absent from the Table Mountain lavas and only
very minor in one unit of the Mahogany Ridgerocks, it seems most
probable that these two samples show evidence of dominant augite
fractionation.
The higher A1203 of the Large-plagioclase Member compared to
F-206 (Appendix Table II. 1) may indicate much higher augite/
plagioclase in the fractionating assemblages which yield aluminous
low-Ca-Mg latite liquids relative to those which yield quartz latite
residual liquid.If this is the case, then low-Ca-Mg latite may be a
residual liquid evolved at high confining pressures where plagioclase109
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is a near-solidus phase.The very high Co/Sc of the Large-
plagioclase Member may mean that abundancesof mafic phases
fractionating from its parent magma were verysubordinate to augite.
Green and Ringwood (1968) and Ringwood(1974) have suggested
from experimental evidence that augite is favored overorthopyroxene
in dry magmas. O'Hara (1967) and Yoder(1977) have noted that
olivine is not a stable liquidus phase at highconfining pressure and is
generally less stable in dry relative to wet magmas.Osborn (1959)
found crystallization of iron-titanium oxides is favored athigh PH
because of the high oxygen fugacity of hydrous magma.It is apparent
that crystallization of augite-rich assemblageswhich are poor in
hypersthene, olivine, plagioclase and Fe-Ti oxides will befavored in
rather anhydrous magmas crystallizing at moderatelyhigh confining
pressure. One might reasonably expectthat magmas showing evidence
of considerable plagioclase fractionation (e. g. ,negative Eu anomalies,
high Sm/Eu and Si02/A1203 as in the Fa les Hot SpringsQuartz Latite
and Eureka Valley Tuff) and moderately high H2O(e. g., ash flows of
the Eureka Valley Tuff) would have low Co/Sc and A1203. As maybe
seen from Figures 31 and 14,this is, in general, true for quartz
latites.
The possibility of olivine and Fe -Ti oxide as important frac-
tionating phases in parents to these quartz latites wouldlend a much
more subsilicic character to thefractionating assemblage compared113
to the anhydrous, augite -dominated case.The result should be much
more silicic residual liquids, whichis a characteristic feature of the
quartz latites, compared to the low-Ca-Mg latites.
Dominant control by augite in fractionation should also raise
Fe/Mg sharply (Figure 28) in daughter liquids, which is an important
characteristic of the low-Ca-Mg latitic series (Figure 18).Any
involvement of Fe -Ti oxides would, however, curtail the increase in
Fe/Mg in residual liquids.Perhaps the lower Fe/Mg of the quartz
latites (Figure 18) may be due to this factor, because all other
anhydrous ferromagnesian phases raise Fe/Mg (Figure 28).This will
be explored in the next section.
Iron-Titanium Oxide Fractionation
Fe-Ti oxides may significantly lower Co/Sc in residual liquids
(Figure 30).The Latites of Devils Gate, the Eureka Valley Tuff and
Fa les Hot Springs Quartz Latite have the lowestCo/Sc of any units in
the center (Figure 31).The low Co/Sc of the Tollhouse Flat Member
of the Eureka Valley Tuff and Fa les Hot Springs Quartz Latite might
be explained, in part, by biotite fractionation, but no biotite occurs
in the By-Day Member of the Eureka Valley Tuff or Latites of Devils
Gate (Appendix Table I. 1).Likewise hypersthene separation could
explain the low Co/Sc of the Devils Gate rocks (Figure 28), but no
orthopyroxene occurs in the By-Day Tuff which has one of the lowest114
Co/Sc values.Clearly, Fe -Ti oxide fractionation mayaccount for
some of the Co depletionin the By-Day Tuff, becausefractionation of
all other phenocrysts in the rockwould either raise Co/Sc or leave it
unchanged (Figures 28-30).
Fractionation of Fe-Ti oxides is alsosupported by the much
lower Fe/Mg of the quartz latitescompared to similarly-evolved
low-Ca-Mg latites (Figure 18).This difference in Fe/Mg at similar,
low MgO between these groups isdifficult to explain without calling on
differences in degree of Fe-Ti oxideinvolvement, as mentioned in the
previous section.
The low-Ca-Mg latites of the Latitesof Devils Gate do not have
Fe/Mg as high as the low-Ca-Mg latites of theTable Mountain latite
series such as the Large-plagioclaseMember (Figure 18; Appendix
Table I. 1).The low-Ca-Mg latites of Devils Gate lavas seemto
represent an intermediate case betweenaugite-dominated fractiona-
tion, leading to the aluminous low-Ca-Mglatites of the Table Mountain
lavas, and Fe-Ti oxide, plagioclase-richfractionation which leads to
quartz latite.
Vanadium and halfnium may also be indicatorsof Fe-Ti oxide
fractionation. Vanadium is very strongly partitionedinto Fe-Ti
oxides (Figure 30) compared to all other phases(Figures 28 and 29),
although it is an included element in allferromagnesian phases except
olivine.Fe-Ti oxide is also the only phase besidesbiotite which115
incorporates measurable Hf (Figures 28 and30).Fe-Ti-oxide-
dominated fractionation would cause V and V/Co to fall and Th/Hf to
rise in residual liquids (Figure 30).
Biotite and hornblende may duplicate many aspectsof Fe -Ti
oxide transition metal partitioning.Because biotite apparently accepts
Co and Mg in preference to the trivalenttransition metals (e. g. ,Cr,
V, Sc), biotite separation should raise V/Co (Figure 28).Hornblende,
however, may cause V/Co to fall, if thecrystal-liquid D for V
(.74 A)in hornblende lies between Sc (.83A) and Cr (.60 A) (Figure
28).Because hydrous phases may duplicate some ofthe effects of
Fe-Ti oxide fractionation, only the latitic series,which has few
hydrous minerals, will be considered.
It is possible that apatite fractionation may alsoaffect Th/Hf
Apatite incorporates significant Th (Irving, 1978) andHf (Goldschmidt,
1954), but it is unknown how it affects Th/Hf.Fortunately, apatite
fractionation was probably insignificant, because it is a veryminor
phase in most samples, generally less than 0.3 percent.
With the above considerations in mind, a test for Fe-Tioxide
fractionation may be made by considering variation of V/Co relative
to MgO in various differentiation series.Figure 32 shows that V /Co
in the latitic series is nearly constant in the Lavas ofMahogany Ridge
but quite high in the low-Ca-Mg latites of Devils Gate.It is also high
in the quartz latites of the Eureka Valley Tuff, but notnotably high for116
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the Fa les Hot Springs Quartz Latite.The ratio decreases sharply
with falling MgO in the hornblende-dominatedlavas of Rickey Peak,
owing to hydrous mineral effects.The constancy of V/Co in the Lavas
of Mahogany Ridge is difficult to accountfor without calling on Fe-Ti
oxide fractionation, because the other majorferromagnesian pheno-
crysts in this series (hypersthene, augiteand olivine) would tend to
raise V/Co (Figures 28 and 29).Likewise, the rather high V/Co of
the By-Day tuff and the Latites of Devils Gate mayreflect less
involvement of Fe -Ti oxides.
Th/Hf variations lend support to the V/Co arguments inhydrous
magmas lacking biotite.The Lavas of Rickey Peak and Relief Peak
Formation have abundant hornblende and pyroxenephenocrysts and
show sharp rise of Th/Hf with decreasing MgO inmembers lacking
biotite.Because hornblende and pyroxene probably havelittle effect
on this ratio, Fe-Ti oxides may accountfor the rise.It is interesting
that the rise of Th/Hf with falling MgO is muchsteeper for the two
biotite-bearing end members of the Lavas of RickeyPeak, compared
to the biotite-free Relief Peak lavas.This may be from the sum
effect of Fe-Ti oxide and biotite fractionation.
Th/Hf in the rather anhydrous latitic series shows variations
between differentiation trends toward low-Ca-Mg latite and quartz
latite which may be explained by differences in Fe-Ti oxidefractiona-
tion.The Th/Hf of the low-Ca-Mg latite of Devils Gate is relatively118
low, corresponding to that of the voluminousintermediate members of
the Lavas of Mahogany Ridge (Figure 32).There is also no apparent
change of the ratio between the two samplesof low-Ca-Mg latite even
though there is a very significant difference intheir MgO content
(Figure 32).This may mean that there is little Fe-Ti oxide involve-
ment in the genesis of these rocks.This is also suggested by the high
Fe /Mg of these units (Figure 18).The Eureka Valley Tuff has the
highest Th/Hf of the samples (Figure 32).This may mean that con-
siderable Fe -Ti oxide has separated from parental magmasof the
tuff.This is most convincing for the By-Day Member whichlacks
biotite but has Fe-Ti oxide phenocrysts.A low-Ca-Mg latite of the
Large-plagioclase Member of the Table Mountain Latite hasMgO
lower than the Eureka Valley Tuff, yet possessesTh/Hf much lower
than that of the tuff.This contrast in Th/Hf may reflect much less
Fe-Ti oxide involvement in the evolution of low-Ca-Mglatite relative
to quartz latite.
Rapid decline of V with decreasing MgO in highly evolved,
latitic series or in hydrous series may signal the entrance ofFe-Ti
oxides in the fractionating crystals.Total V tends to decrease slowly
in mafic latitic rocks with falling MgO but quicklyfalls to essentially
zero in quartz latites and daciteswith MgO less than about 2 percent
(Figure 32).In magmas with hydrous minerals this sharp decline may
be due to combined hornblende and Fe-Ti oxide fractionation(e.g.,119
the lavas of Rickey Peak, Figure 32).In latites the change in slope
may be caused by increasedcrystallization of Fe -Ti oxides, perhaps
owing to increasing PH0 in units lackingsignificant biotite or
2
hornblende.
Biotite Fractionation
Ba is uniquely partitioned into biotite relative toliquid, unlike
all other phases in this study.Ba should, then, fall when biotite
becomes a significant part of the fractionatingassemblage.The
biotite-bearing Tollhouse Flat Member of the EurekaValley tuff and
the most biotite-rich dacite of the Lavas of RickeyPeak have anoma-
lously low Ba compared to less evolved lavas fromthe same forma-
tions (Figure 33).This is considered the best evidence for biotite
fractionation.
Separation of biotite also increases silica but sharplydecreases
Fe, Mg, and Fe/Mg, causing typical calc-alkalinetrends in residual
liquids.The low Fe/Mg and FeO of silicic members of the Lavasof
Rickey Peak (Figures 16 and 18) may be partly frombiotite fractiona-
tion.
Hornblende Fractionation
The distribution coefficients of hornblende are similar tothose
of augite owing to the similarity of their crystal structures.120
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Figure 33.Variations from fractionation of hydrousminerals.
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Hornblende, however, tends to be much moresubsilicic and Fe-rich
than augite, so that, like biotite, hornblendetends to produce calc-
alkaline residual liquids that are high inSi02 with low Fe/Mg (Green
and Ringwood, 1968).The combination of abundant biotite and horn-
blende in the Lavas of Rickey Peak and, to alesser extent, the Relief
Peak Formation has combined to produce magmaseries with the low
Fe/Mg and high Si02 of the calc-alkaline trend (Figure18).
Hornblende may strongly fractionate Tb relative toLu.Arth
and Barker's (1975) data show thathornblende can sharply increase
the Tb/Lu of residual liquids in dacitic rocks,while Higuchi and
Nagasawa's (1969) data predicts a fall in Tb/Lu Unfortunately, at
latitic-dacitic temperatures, orthopyroxene canalso increase Tb/Lu,
although not to the extent that amphibole may beable to (Figure 28).
Augite tends to decrease Tb /Lu in residualliquids, so that it may
curtail the effect of orthopyroxene and hornblendefractionation.
Because the hornblende-biotite andesites and dacites ofthe
Lavas of Rickey Peak lack significant augite orhypersthene, they
should provide an accurate test to see if Arth andBarker's (1975) or
Higuchi and Nagasawa's (1968) data are more relevant tothese
liquids.Figure 33 shows that Tb/Lu decreases sharply in more
evolved magmas of the Lavas of Rickey Peak.It seems that Higuchi
and Nagasawa's data may be more relevant to these magmas, pro-
vided they indeed represent a liquid line of descent governedby122
low-pressure crystallization.High pressure garnet-rich fractiona-
tion, or progressive partial melting ofgarnet-bearing assemblages
raise Tb/Lu, so the data do not supporthigh pressure processes
(Irving, 1978).Low-pressure hornblende fractionation is,thus, the
most probable explanation forvariations of Tb/Lu in the Rickey Peak
rocks.
The latitic series shows a highly random spreadof Tb/Lu on
the MgO variation diagram of Figure33.This may be the result of
conflicting effects of hypersthene and augitefractionation on this ratio
such that slight changes in the crystallizationratio of clinopyroxene
to orthopyroxene may cause increase ordecrease of Tb/Lu (Figure
28).
One sample of the Lavas of Mahogany Ridgeplots far outside of
their compositional range on Figure 33.This sample is unique in
being the only unit of that series with significanthornblende.It, in
fact, plots within a possible extension of thecompositional range of
the Lavas of Rickey Peak which also haveconsiderable hornblende.
This is the main indication that this unit maybe more closely related
to the Lavas of Rickey Peak than tothe Lavas of Mahogany Ridge.
Figure 19 (sample LW-4) shows, however,that this unit is much too
rich in incompatible elements (Th and Hf) to be one ofthe Lavas of
Rickey Peak.For now the field evidence for close association with
the Lavas of Mahogany Ridge and laboratory datashowing incompatible123
element content cause the correlation ofthis hornblende-bearing unit
with the Lavas of Mahogany Ridge to beretained.
Conclusions
Data presented here show that essentiallyall of the common
phenocrysts in both the latitic and calc-alkalineseries could have
been involved to some extent in high levelfractional crystallization.
The most important finding is that all ofthe major ferromagnesian
minerals cause depletion of absolute Fe andincrease in SiO2in resi-
dual liquids from basaltic andesite parent magmas.It was also noted
that fractionation of biotite, hornblende and Fe-Tioxides was the
most effective means of lowering Fe/Mg and increasing SiO2in resi-
dual liquids, thus producing calc-alkalicdifferentiation.
Separation of pyroxenes was found to be less effectivein
increasing SiO2 in differentiates and caused increasein Fe/Mg.In
general, augite-dominated fractionation at moderate(10-15 Kb) pres-
sures in relatively dry(low PO
2
) latite magmas probably leads to
aluminous low-Ca-Mg latite.At shallower levels and higher water
contents, plagioclase and Fe- Ti oxides maybecome significant phases
leading to residual liquids with lower A1203, higherSiO2, and low
Fe/Mg, as in quartz latites.
It is probable that slight variations in level of fractionationand
original water content may cause a spectrum ofdifferentiation trends124
with daughter liquids varying from rather"tholeiitic" low-Ca-Mg
latite to more "calc-alkaline" quartzlatites.At very high (saturated)
water contents, amphibole, biotite, andFe-Ti oxides will separate
to produce extreme calc-alkalicdifferentiation typified by very low
Fe/Mg and rapid increase of silica in residual magmas.125
QUANTITATIVE TRACE AND MAJOR ELEMENT
FRACTIONATION MODELS
Introduction
To quantify general conclusions reachingin qualitative con-
sideration of chemical trends noted in theprevious section, major
element data for possible parent and daughter magmas weretested
with the petrologic mixing program of Brian,Finger and Chayes
(1969).This program is capable of obtaining"best fit" solutions for
subtracting crystalline assemblages of constantcomposition from
mafic parent magmas to obtain specifieddaughter compositions.The
program is completely unconstrained,in that it simply find the best
mixture of crystals + parent magma to obtainthe daughter, by addi-
tion or subtraction of one or all of the crystalcompositions. Any
solution thus obtained is, then, relatively free ofbias on the part of
the programmer.
In general the program is increasingly less successfulin
relating parent daughter compositions as the twodiverge in degree of
differentiation.This is primarily due to the inability of the program
to take into account progressivechanges in the compositions of frac-
tionating minerals exhibiting solid solution.While it is sometimes
possible to select an "average" fractionating assemblagewhich
approximates the total variation from solid solution, this is not agood126
approximation to actual conditions.This is especially true for
minerals with nearly ideal solid solution,such as olivine, which vary
roughly according to Rayleigh fractionationlaws (Hanson and
Langmuir, 1978).
Modeling of oxides of low abundance such asMnO and TiO2was,
in general, the least successful,because these elements probably
vary in a manner notapproximated by either an ideal major or trace
(dispersed) element.As a consequence, no attempt was made to con-
strain the models with these oxides,although in some cases success-
ful mixes were obtained for them.
Major element compositions for crystallinephases were taken
from mineral separate analyses for augite,Fe-Ti oxide and plagio-
clase, whereas other phenocryst analyses(e. g.orthopyroxene,
olivine, and biotite) were taken from theliterature (Appendix III).No
attempt to evaluate apatite fractionationcould be made, because
phosphorus contents were not available for mostsamples.
Tables 1 and 2 show major successful mixes,'successful"
being defined as computed-daughtercompositions matching real-
daughter analysis to within two standard deviationsof analytical error
for all oxides except MnO and Ti02,which were allowed much larger
errors for reasons mentionedabove.All successful parent-daughter
pairs are plotted on the Fe /Mg Harker diagramof Figure 34 together
with groundmass-whole-rock pairs.Table la.Major element mixing models 1-4.
Parent
Sample No:TML-1
Model 1 Model 2
Calculated Calculated
Daughter Daughter Difference Parent Daughter Daughter Difference
BD BD THE
% crystals extracted: -22% plag. ,-7.6% cpx, -4% opx, -2. 4% mgt. -3. 4% biotite, -2. 1% cpx
Si02 57. 9 63.6 64. 2 0. 4 63. 6
TiO2 1.07 0. 93 1.14 0. 21 0. 93
A1203 17. 3 16.8 16, 8 0. 0 16. 8
MgO 2.8 1.3 1.3 0.0 1.3
Fe0 6. 1 3. 9 3. 9 0.0 3. 9
MnO 0 10 0. 09 0. 03 0.06 0. 09
C JO 5.9 2.5 2,5 0.0 2.5
N,;,0 3.6 4.3 4.1 0.2 4.3
K20 3.6 5.5 5.5 0.0 5.5
Sample No:D-240
Model 3
D-112-2
65. 7
0. 67
16.6
0. 83
2, 8
0,09
2.0
4. 7
5. 3
Model 4
63. 4
0. 84
16. 8
0. 84
2. 8
0. 08
2. 0
4. 3
5. 4
2. 3
0, 17
0. 2
O. 01
O. 0
0. 01
0. 0
0. 4
0, 1
D-240 LW -37
% crystals extracted:-24. 2% plag. ,-7.5% opx, -6. 8%-. cpx, -23. 3% plag.-6.0% cp., -4. 6% 01, -3.4% op.,
-3. 2% ol, -0.7% mgt. -1.0% mgt.
S102 51.9 56. 0
TiO2 1.00 0.97
A1203 17.4 18. 3
MgO 6. 2 4, 0
Fe0 7. 6 6. 9
MnO 0. 13 0. 09
CaO 8.5 7.4
Na20 3. 4 4. 3
K20 1. 6 2. 7
56.2 0. 2
1.42 0.45
18.4 0. 1
4. 0 0.0
6. 9 0.0
0.06 0.03
7. 4 0.0
4. 1 0. 2
2. 7 0. 0
51.9
1. 00
17. 4
6. 2
7. 6
0. 13
8. 5
3. 4
1.6
55.6
0 95
17. 2
4. 2
6. 3
0. 10
7. 2
3.5
2. 5
4,0 1.6
0. 95 0.00
16.7 O. 5
4. 2 O. 0
6.4 0.1
O. 11 0.01
7. 2 0.0
3. 7 O. 2
2. 5 0.0Table lb.Major element mixing models 5 and 6.
Model 5
Calculated
Parent Daughter Daughter Difference
Sample No:LW-37 D-12
Model 6
Parent
177-5
Calculated
Daughter Daughter Difference
177-6
% crystals extracted:-12, 1% plag. ,-9.5% cpx, -6. 6% opx -15. 1% plag. ,-13. 939 cpx,-3.5% 01
SiO2 55. 6 55. 2 56. 1 0. 9 55, 0 56. 3 56. 8 0. 5
TiO2 0. 95 1. 13 1.17 0. 04 1. 31 1.65 1.68 0. 03
A1203 17. 2 19. 1 18.4 0. 7 17. 8 19. 6 19. 4 0. 2
MgO 4. 2 1.8 1.8 0.0 3. 8 0.63 0. 63 O. 0
FeO 6. 3 5.5 5. 4 0. 1 6. 6 6. 6 6. 9 0. 3
MnO n 0. 10 0. 03 0. 03 0.0
CaO 7. 2 5.8 5. 7 0. 1 8. 3 5. 2 5. 2 0. 0
Na2O 3. 5 3. 7 3. 8 0. 1 4. 3 4. 9 5. 2 0. 3
K2O 2.5 3. 6 3. 5 0. 1 2. 9 4. 1 4. 1 0. 0Table 2a.Trace element fractionation models 1 and 2.
Model 1 Model 2
Sample No:
Parent
ppm
TML-1
Daughter
ppm
BD
Calculated
Daughter
ppm
Difference
ppm
Parent
ppm
BD
Daughter
ppm
THE
Calculated
Daughter
ppm
Difference
ppm
Cs 11. 4(. 8)* 13. 8(. 47) 18 4.2 13. 8(1) 16. 5(1. 1) 14.6 1.9
Ba 1252(61) 2000(61) 1966 34 2000(30) 1703(83) 1694 9
La 64(1) 72. 6(1. 3) 96 23.6 72.4(1) 69, 3(1.3) 75.'7 6. 4
Ce 125(3) 153(9, 8) 182 29 153(4) 143(4) 159 16
Nd 59(5) 63(5) 79.9 16. 6 63(5) 61(5) 64 3
Sm 9. 7(. 2) 10. 25(. 32) 12.3 2.05 10. 3(. 2) 8. 95(. 2) 10. 33 1.38
Eu 1. 90( . 05) 1. 96(. 08) 1.66 0.30 1. 96(. 05) 1. 66(. 05) 1.97 0.31
Tb 1. 05(. 07) 1. 02(. 09) 1.23 0.21 1. 02(. 06) 0. 98(. 06) 1.01 0.03
Dy 5. 4(. 3) 6. 1(. 3)- -- 6. 1(. 2) 4. 83(. 24) -- --
Yb 2 64(. 07) 3. 27(. 09) 4.39 1.12 3. 27(. 07) 2. 81(. 07) 3.31 0.50
Lu 0. 36(.03) 0. 40(, 03) 0. 55 0. 15 0. 40(.03) 0, 37(.03) 0. 40 O. 03
Th 31(1) 36(1) 49 13 36(1) 42(1. 27) 38 4
U 9. 6(. 9) 11. 8(0. 6) 15 3.2 12(1) 14, 1(1. 29) 12.5 1.6
Hf 9. 92(. 7) 12. 48(.29) 15.2 2.52 12.5(1) I 3. 44(, 96) 13.2 0. 24
Ta 1. 00(. 03) 1. 43(. 04) 1.57 0.14 1. 43(. 04) 1. 43(. 04) 1.49 0.06
Co 17. 3(. 3) 5. 32(. 11) 3.61 1. 71 5. 3(. 1) 2. 71(. 10) 1.8 0.91
Sc 16. 1(. 3) 10. 45(. 11) 6.62 3.83 10. 5(. 1) 7. 5(. 12) 5.3 2.2
Numbers in parentheses are counting errors at one sigma.These are minimum errors.Table 2b.Trace element fractionation models 3 and 4.
Model 3 Model 4
Parent
PPm
Sample No: D-240
Daughter
PPm
D-112-2
Calculated
Daughter
ppm
Difference
PPm
Parent
ppm
D-240
Daughter
ppm
LW-37
Calculated
Daughter
ppm
Difference
PPm
Cs 0. 9(. 2)* 3. 0(. 3) 1.57 1.43 0. 9(. 2) 1. 8(. 2) 1.5 0.5
Ba 1108(52) 1185(76) 1657 472 1108(52) 1208(60) 1571 363
La 28.0(1) 34. 0(. 4) 44.6 10.6 28.0(1) 32. 9( . 74) 42.3 9.4
Ce 54. 7(1. 6) 69(1) 86 17 54. 7(1. 6) 69(1..9) 82 13
Nd 33. 4(2.5) -- -- 33. 4(2.5) 36. 5(3. 3) 50.4 1:3.9
Sm 5. 9(. l) 6. 84(. 05) 8.83 1.99 S. 9(. 1) 6. 13(. 13) 8.51 2.38
EL, 1. 67(. 05) 1. 83(. 02) 2.11 0.28 1. 67(. 05) 1. 60(. 04) 2.05 0.45
Tb O. 71(. 06) 0. 59(. 03) 1.02 0.43 0. 71(. 06) 0. 71(. 05) 1.0 0.29
Dy
Yb
3. 4(. 2)
1. 69(. 05) 1. 7(. 17)
--
2.42
--
O. 72
3. 4(. 2)
1. 69(. 05)
3. 57(. 19)
1. 66(. 05)
--
2.43-
0.77
Lu O. 23(. 01) 0. 21(. 03) 0.32 0.11 0. 23(. 01) 0. 23(. 02) 0. 33 0. 10
Th S. 8(. 3) 8. 3(. 2) 10.1 1.8 5. 8(. 3) 10. 3(. 4) 9.55 0.75
U 1. 7(. 2) 3.4(.5) 3.0 O. 4 1. 7(. 2) 3. 18(. 291 2. 81 0. 37
Hf 4. 1(. 3) 4. 71(. 14) 7. 17 2.46 4. 1(. 3) 5. 57(. 41) 6.74 1.17
TA O. 36(. 01) O. 55(. 06) 0.63 0.08 0. 36(. 01) 0. 48( . 01) 0.59 0.11
Co 31. 7(. 5) 22. 18(. 14)23.7 1.52 31. 7(. 5) 23. 66(. 39)27.9 4.24
Sc 26. 0(. 4) 14. 91(. 04) 19. 2 4.29 26. 0(. 4) 17. 7(. 29) 21.7 4.0
*
Numbers in parentheses are counting errors at one sigma.These are minimum errors.Table 2c.Trace element fractionation models 5 and 6.
Model 5 Model 6
Parent
ppm
Sample No: LW-37
Calculated
Daughter Daughter
ppm ppm
D-12
Difference
ppm
Parent
17P7Pm-5
Calculated
Daughter Daughter
ppm
177 -6
Difference
ppm
CsCs 1. 8(. 2)* 1. 6(. 2) 2.5 0.9 1. 1(. 1) 6. 2(. 21) 1.63 4.6
Ba 1208(60) 1686(82) 1537 149
La 32. 9(. 74) 46. 9(. 97) 42. 3 4. 6
Ce 69. 0(1. 9) 90. 7(2. 4) 88.0 2. 7 117(2) 169(2) 157 12
Nd 36.5(3.3) 48. 8(4.1) --
Srn 6. 13(. 13) 8. 3(. 17) 7. 14 1. 16 -- -- -
Eu I. 60(. 06) 2. 08(. 06) 1.69 0. 39 2. 20( . 05) 2. 89(. 02) 2. 39 0.50
Tb 0. 71(. 05) O. 89(. 06) 0.72 0.17 0. 78(. 04) 1. 13(. 06:: 1. 18 0. 38
Dy 3. 57(. 19) 4. 27(. 21) --
Yb 1. 66(. 05) 2. 06(. 05) 1.75 0. 31
Lu 0. 23(. 02) 0. 28(. 02) 0. 24 0. 04
Th 10. 3(. 4) 13. 35(. 44) 14.33 0. 98 18. 5(. 8) 33(1) 27.4 5. 6
U 3. 18(. 29) 4. 25(. 39) 4.42 0. 17
Hf 5. 57(. 41) 7. 05(. 51) 7.75 0. 70 8. 6(. 3) 13. 2(. 4) 12.7 0. 5
Ta 0. 48(. 01) O. 63( . 02) 0.66 0. 03 1. 17(. 09) 1. 8(. 1) 1.7 0. 1
Co 23. 66(. 39) 12. 8(. 25) 18.50 5.7 30. 8(. 4) 23. 8(. 3) 28.7 4. 9
Sc 17. 7(. 29) 15. 1(. 25) 8.2 6. 9 17. 5(. 1) 14. 1(. 09) 8.56 5. 54
*
Numbers in parentheses are counting errors at one sigma.These are minimum errors.132
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Figure 34.Fe0/Mg0 versus Si02 for petrologic mixesand
groundmass-whole rock pairs. GM = groundmass.133
Major element models have been tested against trace element
composition of each parent-daughter pair (Tables La, 2b, and 2c).
Surface-equilibrium, Rayleigh fractionation was assumed in each
case such that
where
C
1
F
D-1
C
0
C1 = concentration in the residual (daughter) liquid
Co = concentration in the original (parent) liquid
F = fraction of residual liquid remaining
D = weighted average (bulk) crystal/liquid distribution coeffi-
cient for the entire fractionating crystalline assemblage.
Phenocryst/groundmass distribution coefficients(D's) for
augite, plagioclase, and Fe-Ti oxides were determined for mafic
low-K latite (F-322), low-K latite (D-112), and biotite-bearing quartz
latite (F-206) from the Lavas of Mahogany Ridge (Appendix III).
Details of the separatory procedure are summarized in Appendix III.
Distribution coefficients for biotite were taken from the litera-
ture (Appendix Orthopyroxene D's were extrapolated to latitic
temperature-composition by normalizing augite-bronzite D's for
basalt (Onuma and others, 1968) to augite/liquid D's of lathes
(Appendix III).134
Model 1.Lower Member-Table Mountain Latite Parental to
the By-Day Member-Eureka Valley Tuff
The major element mix which obtains the By-Day ash flowfrom
a Table Mountain Latite parentrequires subtraction of 36 percent
crystals consisting of 22 percent plagioclase, 7.6 percentaugite,
4 percent hypersthene, and 2.4 percent Fe-Ti oxides(Figure 34).
This is probably a reasonable model because plagioclase andaugite
are the two dominant phenocrystphases in both parent and daughter,
while hypersthene and Fe-Ti oxides are minor.
Consideration of trace element data (Table 2a) shows that this
model is disallowed, because incompatible elements and REE are20
to 30 percent too high in the projected daughter.D's for Co and Sc,
isothermal with respect to the REE D's, produce daughter liquids with
Co and Sc too low by 32 to 37 percent respectively(Table 2a).Choos-
ing higher temperature D's for Co and Sc can produce a match
between the model and actual By-Day liquid for one or the other ele-
ment but not both at the same temperature, and this only aggravates
the disparity in model REE. Because Co-Sc cannot be matched, this
implies that the model is in error with respect to the ratio of ferro-
magnesian phases which affect this ratio (e. g., pyroxenes and
Fe -Ti oxides).
In order to resolve the disparity in incompatible elements
between the model and the actual By-Day data, the total percent of135
subtracted crystals would have to be reducedfrom 36 percent to
17-19 percent.This is probably not within the limits of anymodel
which could relate a mafic latite similar to TML-1 to aquartz latite
as highly evolved as theBy-Day Tuff.It is more reasonable to
assume that the parent ofthe By-Day was depleted in incompatible
elements by as much as 30 percent relative to theTable Mountain
Latite.
Because the Table Mountain Latite has a negative Euanomaly
similar in magnitude to that of the By-Day,fractionation of the
plagioclase-rich assemblage of Model 1 results in a Eu content too
low in the model relative to the By-Day.It may be that the By-Day
parent had a smaller Eu anomaly than theTable Mountain Latite.If
the amount and proportion of plagioclase separatingfrom the By-Day
parent was similar to that of the model,then the By-Day parent may
have had a higher oxygen fugacity (higherEu3/Eui2)than the Table
Mountain Latite.This might be caused by higher water content in
the Eureka Valley Tuff parent (Osborn, 1969).However, if the
By-Day magma evolved along a liquid line of descent appreciablydif-
ferent from that of the model, lack of a larger Eu anomaly inthe tuff
could reflect different ratios of pyroxenes to plagioclase inthe actual
crystalline fraction from those of the model (see the previous sections
on plagioclase and pyroxenefractionation).136
Model 2. By-Day Member Parental to theTollhouse Flat
Member of the Eureka Valley Tuff
Subtraction of 2.1 percent augite and 3.4 percentbiotite pro-
duced a magma similar to the Tollhouse Flat tufffrom the By-Day
tuff (Figure 34, Table la).This mixing model is unique, because it
requires no plagioclase separation.It may be that plagioclase does
not settle significantly in quartz latite magma.Separation of signifi-
cant biotite is in harmony with the low Ba contentand presence of
phenocrystic biotite in the Tollhouse Flat (THF) Member (Figure33).
The trace element model (Table 2a) predicts a daughter 10 to
11 percent low in U, Th, and Cs and 3 to 19 percent (average of
11 percent) high in various REE. The Sc/Co ratio and absolute
abundance of Ba, Hf, and Ta of the model match the THF within
experimental error.
Absolute Sc and Co are 32 percent low in the model, but this
could be due to the poorly known distribution coefficients for Sc and
Co in biotite.The D's used here were taken directly from a dacite
analyzed by Higuchi and Nagasawa (1969) and probably represent a
magmatic temperature lower than that of the Eureka Valley Tuff.
This is further suggested by comparing the D for Ba in biotite from
Higuchi and Nagasawa's dacite (D =9. 7) to the successful value used
in the model (D = 6.36 from values of Arth, 1976).The lower D of
the model may indicate higher temperature in the quartz latite137
relative to dacite.For this reason absolute Co and Sc are considered
unreliable, whereas Co/Sc should be very sensitive to boththe abso-
lute amount and ratio of augite to biotite fractionation,because these
phases partition Co and Sc quite differently (Figure 28).Match of
Co/Sc of the By-Day and the model may indicate that the ratio of
augite to biotite subtracted is reasonable.
It is more difficult to explain the 10 percent differenceof Th
and U between the model liquid and the THF(Table 2a).To achieve
the higher U and Th of the THF, it would be necessary tosubtract 15
to 16 percent crystals or nearly three times the amountof crystalline
solid predicted by the model.It is difficult to believe that the major
element model could be this much in error.This leads to the con-
clusion that although the model is reasonable for a parent magma
closely similar to the By-Day Member, the actual parent magma of
the THF must have been somewhat more enriched in incompatibleele-
ments than the By-Day Member.
The model REE may be high due to a combination of error in the
projected D values and lack of consideration of possible apatite frac-
tionation (apatite may strongly deplete the liquid in REE).The RE
data neither confirm nor refute the model.138
Model 3. Low-Silica Low-K Latite Parental to Latiteof the
Lavas of Mahogany Ridge
This model allows derivation of sample D-122-2(two-pyroxene
latite) from sample D-240 (two-pyroxene-olivine latite); bothsamples
are members of the Lavasof Mahogany Ridge.The major element
mix required subtraction of 24.2 percent plagioclase, 7.5 percent
hypersthene, 6.8 percent augite, 3.2 percent olivine, and 0.7 percent
magnetite from D-240 to yield D- 122 -2 (Figure 34; Tablela).The
amount and type of phases subtracted are reasonable forthese rocks,
because all phases are common phenocryst minerals and the relative
proportion of phases is similar to proportions in the rocks (Appendix
Table I. 1).
Dominance of plagioclase and significant olivine fractionation
suggest rather low-pressure fractionation (Green and Ringwood,
1967).As mentioned earlier, presence of two pyroxenes and Fe-Ti
oxides in the fractionating assemblage may indicate substantial water
content in the magmas.
The trace element model for this mix (Table 2b), however,
shows that all LIL and incompatible elements except Cs and U are too
high by 14 to 52 percent in the residual liquid of the model.In con-
trast,Cs and U are low by 48 and 12 percent, respectively.Co is
only 6.8 percent high but Sc is 29 percent high using D's at a reason-
able isotherm.Use of Sc and Co D's from mineral separates of139
D-112-2.These D's seem unreasonable, because substantialfrac-
tionation must have occurred at temperatures higherthan the tem-
perature of the D- 112 -2 daughter liquid.
While the Co and Sc data may be considered somewhatequivocal,
the RE and incompatible element content of the model castconsider-
ably more doubt on the model.The low Cs and U may be explained by
leaching of these relatively mobile elements from theD-240 parent,
but the high model RE and Th contents are moredifficult to explain.
Even making the unreasonable assumption that the bulk(weighted
average) D during fractionation approximated that of theD-112-2
phenocrysts, the model REE still remain much too high, while model
Th is unaffected by this change in the assumed temperature.Perhaps
apatite fractionation could cause daughter REE andTh(?) to be
anomalously low (Arth, 1976).
The trace element data do not confirm this model.The data
suggest that significant apatite and more ferromagnesianphases than
used in the model may eliminate some of the discrepancies.
Model 4. Low-Silica Latite Parental to Latite of the
Lavas of Mahogany Ridge
This mix closely resembles Model 3, requiring subtraction of
23.3 percent plagioclase, 6. 0 percent augite, 4.6 percent olivine,
3.4 percent hypersthene and 1.0 percent Fe-Ti oxides from sample140
D-240 to yield LW-37 (TableFigure 34).This model, however,
allows more olivine and Fe-Ti oxide and lesshypersthene to separate,
causing greater Si02-enrichment but lowerFe/Mg in the residual
liquid than in Model 3 (Figure 34).Such a difference in fractionation
might be produced by slightly higher PH0 in the parent magma,
2
which would favor earlier separation of olivine andFe-Ti oxides than
indicated for Model 3 (Osborn, 1969; Stern andWyllie, 1976).
Cs, Th, and U are low, while all other trace elements,
especially the REE, are too high in the model residual liquid(Table
2b).The low Th of the model and similarity of theU/Th of LW-37 and
D-240 make it difficult to attribute the discrepancy in U,Th, and Cs
to weathering, because Th is relativelyinsoluble in water relative to
Cs and U (Rosholt and others, 1971).This suggests that either the
fraction of remaining liquid (F) is too low or the actual parent magma
of LW-37 had U, Th, and Cs higher than D-240.The discrepancies
in RE content may again be from lack of consideration of apatite
fractionation.
Model Co and Sc are too high in this mix, as in Model 3, andthe
problem may be eliminated by using Co and ScD's of D-112-2 mineral
separates.This is as unreasonable for this mix as it was for the
previous case, because D-112-2 is as siliceous as theLW-37 daughter
(Figure 34), indicating a similar temperature.It is clearly unwise
to use distribution coefficients of a daughter liquid toapproximate the141
partitioning from more mafic liquids.
Again, the trace element data do not confirmthis model.It
must be pointed out, however, that the general patternof ferro-
magnesian and RE elements of the model daughterclosely resemble
LW-37, indicating that the ratio of fractionating phasesis reasonable,
even if one rock is not directlyrelated to the other.
Model 5. Latite (Lavas of Mahogany Ridge) Parental to
Low-Ca-Mg Latite (Latites of Devils Gate)
Separation of 12. 1 percent plagioclase, 9.5 percent augite and
6. 6 percent hypersthene from a typical latite of the Lavas ofMahogany
Ridge (LW-37) yields aluminous low-Ca-Mg latite similar tosample
D-12 from the Latites of Devils Gate (Table lb).The ratio of plagio-
clase to ferromagnesian phases in the fractionating assemblageof
this mix (0. 75) is much lower than the ratio in Models3 and 4 (1.33
and 1.55, respectively).It is also noteworthy that no Fe-Ti oxide
subtraction is necessary in this mix because Fe/Mg must climb
steeply at nearly constant SiO2, unlike the previous two models(Fig-
ure 34).The subordinate role of plagioclase fractionation is required
to produce the high A1203 content of D-12 and may be achieved if the
site of fractionation were at relatively high confining pressurewhere
plagioclase would not be a liquidus phase (Green and Ringwood,1968).
Lack of Fe-Ti oxides may indicate low P0 and thus low water content
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of the D- 12 parent (Osborn, 1969).Because Fe-Ti oxides are
common phenocrysts in theactual LW-37 sample, it is unlikely that
LW-37 could have been the direct parent of D- 12.However, a very
similar magma with slightly lower water contentthan LW-37 may well
have been the parent.
The trace element pattern of the model daughter is withn3 to
20 percent for all REE and 5 to 9 percent for all incompatibleele-
ments except Cs, which is 56 percent too highin the model liquid,
possibly owing to leaching of this highly mobile alkali ion from D-12.
Many of the problems with the large-ion elements couldprobably be
resolved by slight adjustments in average D's and amounts of sub-
tracted phases.Consideration of serious Co and Sc discrepancies,
however, make such adjustments pointless.
The model Co is 44.5 percent too high while Sc is 47.7 percent
low.There is no way of adjusting both the Co and Sc distribution
coefficients for the pyroxenes, such that both D's areisothermal, to
produce the Co, Sc, and Co/Sc of D-12.The high Co/Sc of the model
is chiefly caused by augite involvement (Figure 29).All other
anhydrous ferromagnesian phases (olivine, Fe -Ti oxides, and ortho-
pyroxene) lower Co/Sc (Figures 29-31).The model may, then, be in
error in allowing too little orthopyroxenefractionation.Olivine and
Fe-Ti oxide separation are precluded owing to the necessity of pro-
ducing a low SiO2 and high Fe/Mg of D-12.143
Alternatively, the parent of D-12 may have not closely
resembled the Lavas of Mahogany Ridge.If D- 12 were evolved from
a magma producedfrom or reequilibrated with an olivine-rich
(mantle?) rock by smaller degrees of partial meltingthan that which
produced LW-37, then the Co/Sc of the actualD-12 parent may have
been much lower to begin with than that of LW-37.Equilibration of a
small amount of melt with a large amount of olivinewould produce low
Co/Sc, because olivine strongly includes Co but excludes Sc even at
latitic temperatures (Figure 29).While Co would not change appreci-
ably with higher degrees of melting, because ofthe buffering action
of the high crystal/liquid D of Co in olivine, Sc wouldbe diluted,
causing progressively lower Co/Sc as melting proceeded.
Low Co/Sc could also be produced by olivine fractionationfrom
a picritic or olivine basaltic parent.This method would yield a
daughter liquid highly depleted in Co, because Co is included in
olivine (Figure 29).This might explain the relatively low Co of D-12,
which is 44 percent lower than LW-37 (Table 2c).However, olivine
fractionation cannot explain a similar Co/Sc discrepancy in thefollow-
ing model.144
Model 6.Latite (Lower Member-Table Mountain Latite) Parental
to Low-Ca-Mg Latite (Large-PlagioclaseMember-
Table Mountain Latite)
This mix has many of the attributes of Model 5.Model 6 allows
latite (177-5) to produce aluminous low-Ca-Mg latite(177-6) by sub-
traction of 15.1 percent plagioclase, 13.9 percent augite,and 3.5 per-
cent olivine (plagioclase/mafic phases =0.87 versus 0.75 for the
previous model; see Table lb).The subordinate role of plagioclase
is required to produce the high alumina content of177-6.Lack of
Fe-Ti oxides is necessary to account for the highFe/Mg and low
SiO
2of 177-6 (Figure 34).Such a plagioclase-poor assemblage may
be produced at moderate confining pressures, as explainedearlier,
or to ineffective fractionationof plagioclase relative to mafic phases.
Large negative Eu anomalies in the Table Mountain Latite(Figure 20)
suggest that plagioclase may effectively separatefrom those magmas
under the correct conditions (e. g. , low pressure), sothe former
hypothesis seems most likely.Lack of Fe-Ti oxides suggests low
oxygen fugacity and, thus, low PH
2O(Osborn, 1969).
Trace element modeling of this mix is limited by the meager
data available for both samples.Within the limitations of the data it
may, however, be seen (Table2c) that RE and incompatible elements
of the model are from 3.8 percent to 24.4 percent low (Cs is not con-
sidered owing to its extreme mobility during weathering).The145
largest difference is in Eu, whereas thelight RE element, Ce, is only
7 percent low relative to 177-6.The model Hf and Ta are within
analytical error but model Th is 17 percent low.
The ferromagnesian elements Sc and Co offer moreserious
objections to the model than the LIL elements discussedabove.The
model Co is 20.6 percent high while Sc is 39.2 percentlow.Adjust-
ing the weighted average D for the model to aslightly higher (lower
temperature) value requires using an isothermal Sc D whichis so high
that the model Sc is over 50 percent low.This Sc problem arose in
Model 5 and may be from the same factors discussedthere.In this
case, however, increased olivinefractionation is incapable of explain-
ing the relatively high Co of 177-6 which is only22.7 percent lower
than 177-5.If olivine had separated more extensively from a picritic
or olivine basaltic parent of177-6, compared to the parent of 177-5,
then Co should be much more depleted in the177-6 magma (Figure 29).
Implications of the Mixing Models
It is apparent that none of the major element mixing models
convincingly pass trace element testing.This leads to the conclusion
that either the distribution coefficients used in the traceelement cal-
culations are grossly in error, or that none of the analyzedsamples
are simply related to one anotherby subtraction of the model crystals.
Because phenocryst/groundmass distribution coefficientsfrom146
samples similar to or identical with those of themodel rocks were
used, it seems that the distribution coefficients areprobably not the
main source of error. Even if the distributioncoefficients were not
accurate, this does not explain why somemodels (e. g. ,Models 5 and
6) failed even when large variations of the distribution coefficients
were allowed. Some models(e. g. ,Models 1-4) failed, in part,
owing to REE and incompatible element contentwhich was too high in
the model relative to actual daughter liquid.It is possible that
apatite fractionation could have solved these problems bylowering
model RE and incompatible element contents.Unfortunately, the
degree of apatite fractionation could not be independentlyestimated
because of lack of data on phosphorous contents. Some of these
models (e. g., Models 1,3, and 4) had problems with elements not
included in apatite as well, so that even with apatite fractionation
they would have been disallowed.
The most reasonable conclusion is that all of the Stanislaus
magmas have probably had slightlydifferent partial melting and
crustal fractionation histories.Thus, all are probably the products of
slightly or significantly different liquid lines of descent.It hardly
seems likely that all or even mostvolcanic liquids in any volcanic
center would follow identical paths to the surface fromidentically
melted source rocks.It is also almost a certainty that the source
area for the partial melts would undergoprogressive changes in147
composition with respect to major and,especially, trace constituents.
When such systematic changes arecoupled with probable heterogenei-
ties in the source rocks, it is notsurprising that no single lava at
the surface can be related to anotherby these simple mixing calcula-
tions.
The most systematic failures werebetween older units and
younger.Whenever such a mix was tested(e.g., Table Mountain
Latite to the Eureka Valley Tuff; By-DayTuff to the Tollhouse Flat
Tuff, and Lavas of Mahogany Ridge tothe Latites of Devils Gate),
the U and Th contents, particularly, weremuch too low in the younger
unit.Because these problems cannot beexplained by apatite frac-
tionation effects, it is very probable thatthere is a definite trend
toward decreasing incompatible elementsin younger units.This may
well be evidence of progressive depletionof a common source in these
elements.It is absolutely certain that the earliest unit(the Table
Mountain Latite) is much richer in theselarge-ion elements than the
youngest unit (Lavas of MahoganyRidge), and all mixes between these
two were disallowed by the highK20 of the Table Mountain Latite.PARTIAL MELTING MODELS
Introduction
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To infer the mineralogy of possible sourcerocks, REE data
have been modeled for equilibrium batchmelting, using equation 15 of
Shaw (1970).Trial calculations assuming disequilibrium(fractional)
melting for REE gave results very similar tothe equilibrium melting
calculations.For this reason, and because equilibrium batchmelting
is considered petrologically more reasonableunder mantle conditions,
only equilibrium conditions have beenassumed.
Distribution coefficients have been taken from averagevalues of
Arth (1976) for andesitic and basaltic rocks(Table 3).These coeffi-
cients are from higher temperature, more mafic magmasthan most
of the latites, but are probably representativeof values to be expected
in mafic parents of latites.It was found that relative differences in
augite /liquid distribution coefficients among variousREE were small
between Arth's (1976) values and those determined forlatites.
Because the relative differences of distributioncoefficients among
REE are the most important factors determiningthe slope and shape
of REE curves, use of these average values ofArth (1976) is probably
warranted.Table 3.Crystal/liquid distribution coefficients used in melting models.
Crystal Phase: Olivine 1 Orthopyroxenel ClinopyroxenelGarnet2
Melting Proportion:30. 05 0. 15 0. 40 0. 40
Element: Dol
/1
Dopx
/1 Dcpx/1 Dga/1
La O. 007 0. 02 0. 10 0. 01
Ce O. 007 0. 024 0. 15 0. 021
Sm 0. 007 0. 054 0.50 0. 217
Eu O. 007 0. 054 0. 051 O. 320
Tb O. 009 0. 120 O. 65 0. 720
Yb O. 014 O. 34 0.62 4. 03
Lu O. 016 0.42 0. 56 5.60
1From average values of basaltic and andesitic rocks in Arth(1976); La and Tb values
estimated by extrapolation.
zFrom 1275°C, 30 Kb data of Shimizu and Kushiro (1975); La, Tb, andLu estimated by
extrapolation.Values are somewhat lower than those of Arth (1976).
3Melting proportions taken from estimate of garnet peridotite eutecticby Murali and
others (1977).150
Transition Metal Constraints
In order to pick a reasonable source mineralogyfor testing, it
is necessary to consider transition metal abundancesin the most
mafic members of the Stanislaus Group.Transition trace metals
(e. g. ,Co, Cr, Ni, and Sc) have very highcrystal/liquid distribution
coefficients in ferromagnesian silicate-magma systems(e. g. ,Fig-
ures 28 and 29).During batch melting or zone refining of a mafic or
ultramafic source the content of these highly includedtransition
metals will be relatively constant up to reasonablyhigh (10-20 per-
cent) degrees of melting (Arth, 1976).The melt abundance will be
buffered by the refractory assemblage of mafic silicatessuch that the
ratio of concentrations in liquid (C1) to original sourceconcentration
(Co) will remain relatively constant at about the reciprocal ofthe
weighted average distribution coefficient of the source(C1 /Co1/D).
This attribute of highly included elements makes themrelatively
good indicators of the amount of mafic silicates, especiallyolivine
and pyroxenes, in the source, provided crystal fractionationhas not
depleted the liquid in these elements during ascent. Becausebasalts
are considered to be partial meltsof ultramafic mantle sources, it is
useful to compare the least-evolved Stanislaus lava withcontinental
and oceanic basalts to see if their trace metalabundances are similar.
Table 4 shows that least evolved "high-Cr" and"high-Mg" Columbia151
Table 4.Comparison of the least-evolved lava of the
Stanislaus Group (number 1) with least-evolved
Columbia River Basalts (CRB) and MORB.
1 2 3 4
Weight %
SiO
2 53.1 50.14 54.09 49.61
A1203 17.8 15.47 14.33 16.01
FeO 7.7 11.20 11.42 10.99
MnO 0.13 0.20 0.20 0.18
MgO 6.4 6.65 4.90 7.84
CaO 8.7 10.62 8.72 11.12
Na2O 3.4 2.94 2.84 2.76
K2O 1.6 0.57 1.17 0.22
TiO
2
ppm
1.03 1.55 1.78 1.43
Sc 26 42 33 60
Cr 208.5 180 36 300
Co 31.7 44 38 32
Ni 75 60 16 120
Th 5.8 0.6 3.5 0.15
La 28 8 22 2.7
1: Pyroxene -olivine high-K basalt (D-240)-Lavas of
Mahogany Ridge.
2: High-Cr-type Picture Gorge (CRB)*.
3: High-Mg-type Grande Ronde (CRB)*.
Taken from Osawa and Goles (1970); Wright andothers
(1973); Nathan and Fruchter (1974); and McDougall(1976).
4:Cann. J. R. (1971), Major element variations in ocean-
floor baslats, Phil. Trans. Roy. Soc. London. Ser.A.
268, p. 495-505. Average mid-ocean ridge basalt
(MORB).152
River Group basalts have Cr and Ni contents similar to orlower than
the most mafic Stansilaus rock, while Co and Sc are slightlylower in
the latitic sample.The Stanislaus rock is, however, 30 to 50 percent
lower than oceanic tholeiite in Sc, Cr, and Ni, although Cois sub-
equal.More crystal fractionation together with somewhat smaller
degrees of partial melting might account for the lower transitionmetal
content of the Stanislaus sample compared to oceanictholeiite, if
both are from mantle sources.
In reviewing the origin of low-silica latite very similar to the
D-240 sample, Noble and others (1975) concluded that these rocks
could not be the product of melting of subducted oceanic tholeiite,
because crystal/liquid distribution coefficients for Co, Ni, and Cr of
eclogitic assemblages are so high that nearly complete melting of
subducted tholeiite would be required to generate the high transition
metal content of low-silica latite.Complete melting is not only
petrologically unlikely, but also yields magmas very low in incom-
patible elements (note the low Th and La of oceanic tholeiite, Table 4).
Low degrees of partial melting of ultramafic (mantle) assemblages is
probably a much more efficient process for generating both the high
incompatible and ferromagnesian element content of latites.153
Strontium Isotopic Constraints
The initial Sr-87/Sr-86 of a low-K latitesample of the Lavas of
Mahogany Ridge (LW-37, Appendix Table IL1) is 0.7057 (Hedge and
Noble, 1971), while more highly evolved quartzlatites of the Eureka
Valley Tuff have initial ratios of 0.7054 to0.7055 (Noble and others,
1976).The high Sr content of the low-K latites ofMahogany Ridge
(+ 1,000 ppm, Figure 25) cause it to be unlikelythat the 0.7057 value
reflects contamination from old sialic crust, soit is probably repre-
sentative of a radiogenic mafic source.
Noble and others (1976) concluded that theseratios are con-
sistent with an ultramafic upper mantle source(possibly a mantle
plume) for the latitic magmas. Indeed, thesevalues are well within
the range of adjacent continental basalts ofthe Great Basin (Hedge and
Noble, 1971) and basalts of the Columbia River Group(McDougall,
1976).
Whereas these isotopic ratios could be the result ofmelting of
Rb-depleted lower crustal (mafic) material, argumentsof the previous
section suggest that an ultramafic (mantle) sourceis more consistent
with the transition metal content of latite.In any case, the isotopic
data certainly do not rule out a mantle sourcefor the Stanislaus Group,
but neither does this data eliminate the possibility ofwall-rock reac-
tions of the mantle-derived magma with Mesozoiccrustal rocks.154
The high initial Sr-87/Sr-86 of latites compared to mostoceanic
rocks may be caused by melting of a sourcewith Rb/Sr higher than
that of the oceanic mantle.This would imply that the probable mantle
source of latitic magma wasenriched in Rb and other large-ion ele-
ments relative to oceanic mantle.This is completely consistent with
the extremely high content of these elements in latite, aswell as the
high large-ion abundances of continental basalts(McDougall 1976).
If, in fact, the source of the Stanislaus Group hasundergone
enrichment in REE in addition to Rb at some stage in its history,this
process may have seriouslychanged the relative abundance of REE
from a probably chondritic original pattern.The implications of this
and later changes in the relative abundance of sourceREE will be
explored in the next section.
Rare Earth Melting Models
Relative abundances of REE in partial melts are very sensitive
to proportions of minerals in the residuum whichcontain the highest
concentrations of REE (e. g., garnet, clinopyroxene, andamphibole).
The relative abundances are not, however, particularlysensitive to
the eutectic (or "eutectic-like") melting proportions used inbatch
melting calculations, nor are they sensitive to the abundanceof
minerals which strongly exclude REE (e. g. ,olivine and orthopyrox-
ene).Constant melting proportions (values from Murali and others,155
1977) and a constant weight ratio of olivine toorthopyroxene were
thus used in all models. As already noted in Figures 20 and23,
chondrite-normalized RE curves for all rocks of the Little Walker
center are distinguished by great enrichmentin light REE relative to
heavy REE and high 'Mau ratios.The light REE act as moderately
excluded elements relative to the heavy REE in high-pressure
assemblages considered here (Table 3), thus La/Sm is chiefly a func-
tion of degree (percent) of partial melting.High La /Sm is correlative
with small percentage partial melts, where excluded elementslike La
are most highly concentrated.
Only garnet can significantly raise Tb/Lu in melts when it is in
the residuum.Thus, the high Mau of the Little Walker rocks
requires garnet in the source residuum at segregation, provided
mantle (?) assemblages had roughly chondritic initial REE abundances.
If the source of the magmas had other than chondritic REE content,
then this model is in error to the extent that the source was not
chondritic.
Figure 35 shows chondrite-normalized REE curves of various
melt fractions produced from garnet pyrolite with a chondritic initial
abundance.As noted above, La/Sm is a sensitive function of percent
melting, whereas Tb/Lu is high and relatively constant until high
degrees of melting.This is because both Tb and Lu are strongly156
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Figure 35.Partial melting models for garnetpyrolite (Ringwood,
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included in garnet, thus effectively buffering their abundancein the
melt.
Heavy REE of partial melts are chiefly constrainedby garnet
and clinopyroxene in this model, owing to thehigh content of heavy
REE in these phases relative to other phases (Table3), thus Tb/Lu of
partial melts is chiefly a function of thegarnet/clinopyroxene ratio
of the residuum.Tb/Lu may be increased by later, low-temperature
orthopyroxene fractionation at high levels in the crust(Figure 28), but
Figure 33 shows no trend of increasingTb/Lu with decreasing MgO in
the two-pyroxene latites of Mahogany Ridge.This is probably caused
by the opposing effect of high level augite fractionation(Figure 28).
It is apparent that garnet pyrolite produces liquidswith Tb/Lu
much higher and absolute REE much lower than values ofthe Little
Walker magmas (Figure 35).It follows that a viable source must
have a lower garnet-clinopyroxene ratio and higher absoluteREE
abundance than chondritic pyrolite.
The most completely analyzed units in the center arethe Lavas
of Mahogany Ridge which have Tb /Lu ranging from1.89 to 2.4
(averaging 2. 15) and La/Sm. from 2.74 to 3.21 (averaging3.03).It
was decided that these unitswould be used as targets for a 'best fit"
model, because their chemical composition is well known.Solution of
a number of simultaneous equationsand numerous trial melting calcu-
lations revealed that source assemblages with clinopyroxene(cpx) to158
garnet (ga) ratios of 4.0 to 5.5 yieldliquids with the required Tb/Lu
at 2 to 10 percent melting.The La /Sm values of these mantle melts
are also within the allowable rangeat 6 to 10 percent melting but were
low at greater than 10 percent and high at lessthan 6 percent melting.
Because high level augite and, to a lesser extent,orthopyroxene
fractionation may increase La/Sm (Figure 28), melting percentages
somewhat higher than 6 percent are probably allowable.Slight
positive Eu anomalies in the model are eliminated duringhigh level
plagioclase fractionation (Figure 24).
Variation of absolute eclogite component at constantga/cpx
showed that eclogite-depleted assemblages yielded liquids withslightly
lower La/Sm and Tb/Lu.Depleted models also showed a much
greater change of La/Sm during progressive meltingthan eclogite
rich assemblages, so that only a very limited range ofmelting would
yield target La/Sm values at a given ga/cpx.Also, eclogite-depleted
models were incapable of yielding large volumes of melt, owing tothe
low basaltic (eclogitic) component.Because La/Sm is not notably
variable in Stanislaus rocks (Figures 20 and 35), and it is knownthat
their source yielded voluminous magmas during several melting epi-
sodes, an eclogite -depleted source is not favored.
The source which best fits the data, then, must becharacterized
by ga/cpx much lower than pyrolite and be relatively enriched in
eclogite.A reasonable source which matches the relative REE159
abundances of the average Mahogany Ridge magmas verywell contains
10 percent garnet, 42 percent clinopyroxene,37 percent olivine, and
11 percent orthopyroxene.Such a source generates mafic magma with
the relative abundances of REE similar to the Lavas ofMahogany
Ridge at about 6 percent melting (Figure 36).
With relative proportions of garnet and clinopyroxene in the
source established, absoluteeclogite abundance was varied to see what
effect this would have on the melts.Increasing the percent of eclogite
component at constant ga/cpx allowed generationof liquids with the
same REE pattern at slightlyhigher degrees of melting, but the cor-
rect La/Sm could be produced at only 10 percentmelting, even from
100 percent eclogite models.Melting of 100 percent eclogite produced
much less absolute REE enrichment in the melt relative tomelting of
garnet peridotite, because of the higher averageRE distribution coef-
ficient of the residuum.Thus the garnet peridotite of Figure 35 pro-
duced a liquid 12.0 times the chondritic La and 1.25 timeschondritic
Lu while eclogite yields a liquid only 7.2 times chondriticLa with Lu
unchanged from chondrite at 6 percent melting.The high absolute
abundance of light REE in the latites would favor melting of the
peridotite rather than eclogite composition, as does the highferro-
magnesian element content of mafic samples (see previous section on
transition metals).100
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Even zone refining of an eclogitic source could notenrich Lu
in the liquid to the target (6 to 7 times chondrite)value, because Lu is
not appreciably partitioned into the liquidfrom eclogite.Extensive
zone refining of aclinopyroxene-orthopyroxene-olivine (harzburgite)
source would, however, lead to extremeenrichment of all REE with-
out changing the original pattern, whereas zonerefining of garnet-
bearing peridotite would appreciably raise La/Sm andTb/Lu as well
as absolute REE. The degreethat zone refining has occurred in
garnet-bearing material during rise of the magmas is acritical con-
trol on La/Sm and Tb/Lu in the liquids and, thus, on the amountof
garnet inferred for the source.In postulating more zone refining of a
garnet-bearing source, less garnet need be present during meltingand
larger original percentages of melting may be allowed.Clearly, the
low value of the distribution coefficient of La in all peridotite or
eclogite phases relative to Sm will cause La to be extremelyenriched
during zone melting such that very low initial La/Sm. (high percent
partial melting) would be required to finally produce a magmawith the
target La/Sm.
Fractional crystallization could not account for the high absolute
REE content of the Lavas of Mahogany Ridge relative to the modelof
Figure 36.Even if the REE were completely excluded from all frac-
tionating phases, 83 to 93 percent crystallization would be required to
attain latitic RE values.Such highly fractionated liquids would be162
completely depleted in most ferromagnesian elements,especially Cr
and Ni, whereas low-Si02, high-K andesiteof the Lavas of Mahogany
Ridge has high transition metal content equivalent to manycontinental
basalts (Table 3).
If the latitic rocks were generated from a source with REE con-
tent several times that of chondrites, thenthis would eliminate the
problem of enriching the initial liquid in large-ion elements.
Ringwood (1975) has predicted that the upper mantle canbecome
enriched by hydrous acid melts distilled from descendingoceanic
lithospheric slabs at convergent plate boundaries.Eruption of the
Stanislaus Group was preceded by voluminous calc-alkalicvolcanism
(the Relief Peak Formation) probably associated with subduction
(Noble, 1972).If eruption of the Relief Peak andesites was accom-
panied by enrichment of the upper mantle in large-ionlithophile ele-
ments from this distillation process, then any latitic parentsof the
Stanislaus magmas might have reacted with or been meltedfrom this
contaminated mantle to produce melts with highly enriched REE con-
tent.Perhaps the most important point to be emphasized here is that
not only absolute but relative abundances of REE wouldbe drastically
changed from chondritic value s by such contamination.Small per-
centage partial melts removed from a descendinglithospheric slab
would almost certainly be highly enriched in light REE relative to
heavy REE, if the slab were in the eclogite or even amphibolite facies,163
and would imprint this pattern on the overlying mantle.If this has
occurred, the partial melting models considered here will tell very
little about the mineralogy of the actual source of the latites.
If the latitic source had a non-chondritic REE contentcharac-
terized by high La/Sm and Tb/Lu, for example, ifcontaminating
melts were from eclogitic oceanic crust, then the amount of garnet
predicted by the model of Figure 36 is much too large.This garnet
content was completely constrained byTb/Lu, so correspondingly less
garnet is required as the originalTb/Lu of the source is assumed to
be higher than chondrite.Because it was concluded above that zone
refining in even a very garnet-poor upper mantle would alsoraise
Tb/Lu, thus requiring a smaller ga/cpx ratio than the original model,
it is probable that the model ga/cpx of Figure 36 is an upperlimit,
whether zone refining or contamination or both have operated to
enrich absolute REE. Likewise, the distribution coefficients chosen
for Tb, Yb and Lu in garnet-liquid were much lower than average
values of Arth (1976) used by most writers. Because using higher
garnet D's for these elements would further reduce theprojected
model ga/cpx ratio, ga/cpx predicted here is, indeed, an uppermost
limit.
It seems unlikely that garnet was absent from the source
assemblage, because an aluminous phase is necessary to account for
the high A1203 content of the Stanislaus Group.If, however, the164
source had high originalTb/Lu, then a spinel peridotitic source
cannot be ruled out, because spinel wouldalso be a source of A1203
and would not significantly fractionate theheavy REE from one other
(Irving, 1978).
If partial reequilibration of the rising magma with a source
having low Tb/Lu occurred, then an originallyhigh Tb/Lu may have
been partially reduced.It is difficult to evaluate the likelihood of this
or other multistage processeswhich may have occurred, because
they are not amenable to quantitative proof or disproof.
Source of the Lavas of Rickey Peak
The calc-alkaline rocks of the Lavas of Rickey Peak differ
sharply from the latitic series in both chemical and mineralogical
composition.Figures 20 and 35 show that the Lavas of Rickey Peak
have La /Sm and Tb/Lu greater than that of latites.Although the
Lavas of Rickey Peak (LRP) have generally higher MgO thanlatites at
similar SiO2,reflecting their more calc-alkaline character (Figure
15), they have much lower Co, Cr, and Sc than latite at similarMgO
(Figure 21).The LRP are also much less enriched in all large-ion
elements than any Stanislaus unit (Figures 13,19, and 22).Whereas
anhydrous mafic silicates dominate the Stanislaus rocks, hornblende
and biotite are liquidus minerals of the Lavas of RickeyPeak.165
These unique characteristics of the LRP suggest a source
aseemblage capable of producing magmas with lowerlarge -.on ele-
ments and ferromagnesian trace elementsthan latites but higher
initial water content (Stern and Wyllie,1974) and higher relative
fractionation of REE. Such a source would necessarily beless mafic,
more hydrous than latitic sources,and characterized by garnet
involvement in some stage of its history, owing to thehigh Tb/Lu of
the LRP.
It may be that mafic rocks richer in mica eclogite or garnet
amphibolite components than the latite source would be logical sources
of these calc-alkalic rocks.Their association with a large conti-
nental volcanic arc of similar rocks along the westernUnited States
during Mio-Pliocene time certainly argues for generationduring
active subduction (Noble, 1972) where mica e clo git e s and garnet
amphibolites may be involved in melting (lakes and White,1970).
Perhaps a lower crustal source may have been melted to producethe
LRP, because the transition element contents do not demand anultra-
mafic source. Even a garnet-free amphibolite might be aviable
source, if the original REE pattern werequite highly fractionated to
high La/Sm and Tb/Lu by various contamination processesoutlined
in the previous section.
In any case very significant high level fractionation hasprobably
affected all samples.This is suggested not only by their low166
ferromagnesian element contents and phenocryst-rich petrography,
but by the high water content inferred from their mineralogy.It is
difficult to imagine a magma nearly saturated with water reaching the
surface without very significant crystallization-differentiation.
Involvement of large amounts of hornblende during differentiation
would probably lower Tb/Lu, as shown in the section on hornblende
fractionation.It appears that, regardless of other uncertainties, the
assumption of significant garnet involvement at some stage is defi-
nitely warranted, because parent magmas of the LRP must have had
even higher Tb/Lu than the already high values ofthe daughter
liquids sampled (Figure 33).Hornblende also raises La/Sm very
efficiently in residual liquids (Figure 28), so that erroneously low
degrees of melting will be predicted by partial melting calculations
on fractionated liquids like the samples available here. Fromthese
considerations, it is not considered fruitful to pursue detailed calcu-
lation of melting models for such highly fractionated rocks.
The lack of enrichment of large-ion elements compared to
latites might be caused by generation from either a source more
depleted in these elements, lesser degrees of zone refining (shallower
depths), greater degrees of partial melting, or presence of a residual
phase or phases which contained significant amounts of large-ion
elements.These possibilities are not distinguishable with the data
available.167
Conclusions
An ultramafic (mantle) source for latitic magmais required by
the high transition metal content of mafic Stanislaus samplesand is
consistent with the Sr isotopic: data.Initial strontium isotopic ratios
and high content of large-ion elements of Stanislausrocks suggest
that this mantle source had high Rb/Sr and large-ion elements com-
pared to oceanic mantle.This either implies that the mantle under
the Little Walker center 10 m. y. ago was undepleted from aprimitive
(chondritic) content of large-ion elements or that it may have been
enriched in these elements above primitive levels, because suboceanic
mantle appears to be depleted in these elements relative tochondrites
(Gast, 1968).If progressive (early) or recent (Relief Peak-aged)
enrichment of large-ion elements, including REE, has occurred, then
it is likely that the relative REE pattern of the sourcehas also been
changed from chondritic.If garnet was in the residuum of the con-
taminating liquids in either case, this enrichment of the mantlewould
have caused rise of the La/Sm and Tb/Lu above chondriticvalues.
Such variations of the relative REE pattern from chondritesplace
severe constraints on the amount of garnetallowed in the residuum of
latites at segregation, as well as the amount of possible deeplevel
garnet fractionation.168
Partial melting models assuming a chondritic source predict a
mantle garnet/clinopyroxene of about 0.24, much lowerthan that of
pyrolite (1. 14).Any process such as enrichment of the source by
liquids from the lower mantle (garnet-bearing) or subductedbasalt
(eclogite facies), or enrichment of the partial melts by zone refining
of garnet-bearing assemblages would tend to increasethe La/Sm and
Tb/Lu of the source or, in the latter case, the magma, causing the
projected model source assemblage to assume even lowerga/cpx.
Even contaminated spinel peridotite may have been the source, if
contaminants possessed high Tb/Lu.
It is clear that the high absolute REE content of latites cannot
be obtained by simple melting of a chondritic mantle, combinedwith
crystal fractionation of the partial melts.At least 83 percent
crystallization of a parent magma would be required to produce latitic
RE levels from the model melt, but the high transition metal content
of these rocks (Table 4) suggests much less fractionation.These
arguments require that the latite source be non-chondritic orthat
significant zone refining acted to increase absolute REE.This further
implies that the ga/cpx ratio inferred for the RE model may be an
upper limit, because zone refiningof the source would raise Tb/Lu
if garnet were involved.
The high alumina of the Stanislaus Group (16 to 20 percent)
requires that an aluminous phase such as spinel or garnet was169
present, and the large volume of latitic magmafound at the Little
Walker center requires a substantial percentage ofthat aluminous
phase in the source.If a garnet-bearing source is postulated, this
requires that the source have high absolute garnet,whereas previous
arguments imply that the ga/cpx be no higher thanabout 0.24.
Clearly, to have high absolute garnet and lowga/cpx, the source
would have to be very rich in clinopyroxene, suggesting anassemblage
similar to the "best fit" REE model of Figure 36 whichhas over 50
percent clinopyroxene -rich eclogitic component.As one assumes a
source ga/cpx lower than0.24, the absolute amount of eclogitic com-
ponent relative to harzburgi e component inthe source must increase
to yield sufficient magma.If the source is to retain an ultramafic
character, as required by the Ni and Cr data (Table4), the amount of
eclogite cannot be much greater than the model values.
If spinel was the aluminous phase in a highly contaminated
mantle, these arguments do not apply, except insofar asclinopyroxene
must be a significant phase with spinel to generatesufficient liquid.
It is interesting that this writer's attempts tomathematically mix
major element compositions of naturally-occurring high pressure
spinels and other peridotite minerals to produce roughly basaltic or
andesitic melts met with universal failure.It may be that spinel
peridotite is not a reasonable parent for mafic lavas.170
Perhaps partial reequilibration of the latitic magmaswith
spinel peridotite or other upper mantle withlow Tb/Lu may have
lowered magmatic Tb/Lu from a formerlyhigh value (e.g.: the
pyrolite model of Figure 35).If this is the case, then all of the
magmas have reequilibrated to asimilar degree, because Tb/Lu is
not highly variable in the latites(Figures 20 and 35).
It is obvious from these arguments that the traceelement
evidence does not specify a unique model forgeneration of the latitic
magma. Perhaps a betterunderstanding of high pressure distribution
of trace elements, especially highly includedtransition metals, may
eventually help to better constrain these models.It is certain that the
mafic latites were produced from an ultramafic sourcebearing some
aluminous phase such as garnet or spinel, and that garnet was
probably involved at some stage in their evolution.
It was concluded from consideration of the highTb/Lu and low
transition metal contents of the Lavas of Rickey Peakcompared to
latites at similar MgO content, that these rocks mayhave been par-
tially melted from a less ultramafic source withhigher garnet
involvement than that of latites.Uncertainties arising from evidence
of very significant degrees of amphibole fractionationprecluded
detailed modeling of these rocks, but it was foundthat garnet
amphibolite-rich or mica eclogite-rich assemblages,probably with
high garnet/(clinopyroxene or amphibole) ratios werecompatible with171
the data.Such sources might be present in subductedoceanic crust
or overlying mantle.Even garnet-free amphibolite (lower crust?)
was not precluded as apossible source provided it has a very high
initial Tb/Lu.172.
PETROGENETIC SUMMARY
Potassic volcanism began in the study area about10 m. y. ago
with outpouring of voluminous, mafic latite lavas(Lower Member of
the Table Mountain Latite) from vents at Sonora Passand, possibly,
the Little Walker center.Progressively smaller-volume, more
highly differentiated lavas continued to erupt whollyfrom the Little
Walker center (upper parts of the Table MountainLatite) until two
voluminous quartz latite ash-flow sheets (the EurekaValley Tuff)
caused a large caldera to form.
Initial intracaldera volcanism was dominated by ashflows
(Upper Member of the Eureka Valley Tuff and Tuffs of PooreLake),
but these were much cooler, poorly welded depositscompared to the
early, highly welded ash flow sheets.The intracaldera tuffs are
interbedded with fluvial and lacustrine deposits suggestiveof repeated
eruption into a caldera lake.La itic volcanism came to a close with
eruption of numerous small, highly differentiated dikesalong the
caldera margin (Latites of Devils Gate) and, finally,moderately
large-scale extrusion of viscous, phenocryst-rich, lavas of two-
pyroxene, low-K latite to high-K andesitealong arcuate and ring
fractures within the caldera.These ring fractures may have been the
result of small-scale resurgent doming of the cauldronsubsidence
block.173
The early latitic magmas (Table MountainLatite) crystallized
chiefly augite and plagioclase with minorolivine and evolved numer-
ous highly aluminouslow-Ca-Mg latitic magmas with a trachytic
character (high K20 and Fe/Mg, but lowSi02).Petrologic mixing
models suggest that such differentiates mayevolve from latite at
moderately high pressure where pyroxene isdominant over plagioclase
in the fractionating assemblage.
Voluminous quartz latite ash flows (the EurekaValley Tuff)
extruded in the middle stages of the eruptive cycle seemto be the
product of lower-pressure, plagioclase-richfractionation from latitic
parents depleted in incompatibleelements relative to the Table
Mountain Latite.Succeeding latitic activity was progressively less
potassic and lower in other incompatibleelements until, by the time
of eruption of the Lavas of Mahogany Ridge,two-pyroxene low-K
latites and high-K basaltic andesites were thedominant magmas.
Silicic differentiates of these low-K latitic magmascontain early-
crystallizing Fe-Ti oxides, hornblendeand/or biotite with two pyrox-
enes and have only slightlyhigher Fe/Mg than mafic low-K latite.
The petrochemical character of the magmas thuschanged from
truly latitic to more typically calc-alkaline throughtime.Younger
magmas seem also to havebeen slightly more water-rich than earlier
magmas, because hornblende is astable phenocryst in them, but very
rare in earlier eruptions.Higher water content may have caused174
early crystallization of Fe-Ti oxides(Osborn, 1969) which, with sub
silicic pyroxenes and hornblende, causedtypically calc-alkaline series
differentiates with low Fe /Mg and high SiO2 atrelatively high oxygen
fugacity (10
8.5,Appendix III).Magmatic temperatures were, how-
ever, relatively high(1178°C to 1154°C, Appendix III) in mafic mem
bers in spite of significant H2O.This high temperature, together
with persistence of two liquidus pyroxenes inbiotite-bearing members,
suggest that the Mahogany Ridge magma was stillundersaturated in
H2O.
Consideration of trace element batch melting models and major
element composition required that the latitic source beultramafic
(mantle) and rich in clinopyroxene plus some aluminousphase such as
garnet or spinel.Simplest single-stage melting models required a
much lower garnet/clinopyroxene ratio (0. 24) in the sourcethan
typical pyrolite compositions (garnet/cpx = 1. 17).Without calling on
considerable zone refining, no models could generate the highabsolute
REE content of latites from a mantle with condritic REE. Metaso-
matic processes which might raise primitive mantlewell above (at
least three or four times) chondritic abundances wouldprobably
increase Tb/Lu above that of chondrites, if garnet was involved,
which was considered very likely.Such changes would require model
source rocks with even lowerprojected garnet/clinopyroxene than the
single stage model.Partial reequilibration of magmas with175
spinel-bearing assemblages with low Tb/Lu could, however, lower
Tb/Lu of latitic melts and mask the imprint of a very garnet-rich
source. From these considerations, itis apparent that REE evidence
for source mineral assemblages is highly equivocal, except in sofar
as garnet must have been involved at somestage in evolution of the
source.High absolute content of ferromagnesian minerals in mafic
latitic rocks, however, precluded any but ultramafic (mantle) sources,
so olivine and pyroxenes wereprobably important constituents as
well.
Fractional crystallization was investigated with binary variation
diagrams for major and trace elements as well as quantitative model-
ing.After establishing that all magmatic series in the center show
specific progressive changes in major and trace element content con-
sistent with fractional crystallization of all phenocryst phases,
detailed least-squares mixing calculations were performed on petro-
logically significant parent-daughter pairs.Trace element (Rayleigh)
modeling of the major element mixing models showed that it is
unlikely that any of the latitic Magmas can be simply related to one
another by crystal fractionation from shared parent magmas.This
could be the result of a continuously evolving source which produced
unique partial melts that followed equally unique liquid lines of
descent.176
It seems, at first sight, anomalous that large, highly welded
ash-flow sheets are absent from hornblende-rich andesites of the
Relief Peak Formation and younger lavas of Rickey Peak which
enclose the Stanislaus Group. According to known experimental data
(e. g. , Stern and others, 1975), liquidus hornblende occurs only in
magmas nearly saturated with water.Such liquids might seem logical
producers of voluminous ash flows, yet is is this writer's observation
that hornblende andesitic series differentiates rarely produce major
rhyolitic "flood" ash-flow eruptions.
Welded ash-flow sheets of the Eureka Valley Tuff lack hydrous
minerals (the By-Day Member) or have coexisting biotite and pyroxene
(Tollhouse Flat Member).These ash-flow sheets are completely
welded with only very thin upper and lower glassy zones in most
areas, indicating very high eruptive temperature.Fumarolic altera-
tion, vapor phase crystallization, and devitrification are, however,
absent.All of these factors argue for low total water content in the
quartz latites.Anhydrous phenocryst assemblages and lack of
fumarolic alteration also typify most other major ash flow centers
(e. g., the Black Mountain center and other rhyolitic ash flow centers
of the southern Great Basin, Figure 1).If H2O is not the major vola-
tile agent in these large-scale ash-flow eruptions, then CO2 is the
most likely choice from consideration of the most common constitu-
ents of volcanic gases (Macdonald, 1972) and abundance of CO2 in177
carbonatites.Mysen (1977) has shown that H2O is much more
soluble than CO2 in magmas, so that magma with highH20/CO2 will
have a much larger component of gas in solution than magmawith low
H20/CO2.It follows that relatively anhydrous, CO2-rich melts will
exert greater total volatile pressure on surroundingrocks than
magmas with equal total volatilesbut high H20/CO2.It is gradual
build up of tremendous volatile pressures that favors catastrophic
failure of roof rocks with rapid evolution of magma-gasemulsions
from shallow magma reservoirs.
CO2-rich,anhydrous magmas would also tend to be erupted at
much higher temperature, because anhydrous melting occurs at much
higher temperatures than under hydrous conditions.Ash flows from
such magmas would then tend to weld to a much greater degree than
cooler, hydrous ash flows.In fact, calc-alkaline volcanic centers,
such as the High Cascades of Oregon and Washington are thought to
evolve from melting of hydrous peridotite assemblages(McBirney,
1969) and characteristically have only small, poorly welded ash flows
compared to the huge rhyolitic ash-flow sheets of the Great Basin.
These Great Basin ash flows are thought by Noble and Hedge (1974) to
be differentiation products of relatively anhydrous continental basalt.
In the Little Walker center cool, poorly welded ash flows of the
Upper Member of the Eureka Valley Tuff and Tuffs of Poore Lake are
characterized by biotite without pyroxenes as is the Fa les Hot Springs178
Quartz Latite.Decrease in the volume and welding of ash flows after
eruption of the welded ash flow sheets and extrusion of quartz latite
lavas at Fa les Hot Springs are apparently correlated withhigh
H20/CO2.Likewise, all ash flow activity ceased upon eruption of the
hydrous two -pyroxene to hornblende-bearing Lavas ofMahogany
Ridge.
Variation in original H 20/CO2 at the site of melting may
account for the change from highly alkaline to calc-alkalinevolcanism
at the Little Walker volcanic center.Mysen and Boettcher (1975)
and Egg ler (1974, 1975) have shown that melts change from alkali-rich
basaltic to andesitic as mantle sources with increasingly high
H 0/C0
2are tapped.This may, in part, explain why the early
CO 2-rich, one-pyroxene latitic magmas are so much more alkaline
than the later hydrous two-pyroxene, high-K andesite to low-K latite
Lavas of Mahogany Ridge.Likewise, the hornblende-biotite acid
andesites and dacites of Rickey Peak, which closely followed the last
latitic activity, are the least alkaline, most hydrous magma series in
the area.
Progressive increase in H 20/CO2 of the magmas may be
inconsistent with partial melting from a common source.Mysen
(1977) concluded that H20/CO2 would fail to very low values in source
rocks undergoing sequential melting owing to much higher solubility of
H2O relative to CO2 in partial melts at high pressure. One would then179
expect that continuous melting of a single sourcewould produce lowest
H 20/C0 in the youngest extrusions, yetthe Lavas of Mahogany Ridge
seem to have higher H 20/C02than all older units.This anomaly,
coupled with the fact that small volumes oflow-K, two-pyroxene
lavas erupted in the upper part of the Table MountainLatite and
within the Eureka Valley Tuff, suggest that twomantle sources with
very differentH20/CO2 may have been active during the Stanislaus
eruptions.Noble (1972.) and Snyder, and others (1976) noted the
existence of a late Cenozoic calc -alkaline volcanic arcalong the
Sierran axis, inferred to be associated with anactive subduction zone.
This subduction produced a vast blanket of hornblendeandesite mud-
flows and autobreccias across the northern and centralSierras
(Relief Peak, Disaster Peak, and MehrtenFormations).These
eruptions completely overlap volcanism at the LittleWalker center
(Slemmons, 1966; Figure 3).Because experimental evidence favors
production of hydrous andesitic magma from melting ofhydrous
mantle peridotite (Mysen and Boettcher, 1975; Mysen,1977) during
degassing of subducted oceanic lithosphere(McBirney, 1969), this
hydrous mantle may have been present during the Stanislauseruptions
as a viable second source.
A possible model for evolution of the LittleWalker volcanic
center could involve rise of a relativelyanhydrous, CO 2-rich mantle
diapir through subducted and fragmented oceaniclithosphere into180
hydrous upper mantle still producing orogenic andesitic magmas.
Spontaneous melting of the diapir would proceed asconfining pressure
fell during rise, causing liquid zones to rise andprogressively
deplete the diapir of its large-ion (incompatible)element component.
These liquid zones erupted at the surface as the early latiticseries
(Table Mountain Latite and Eureka Valley Tuff) after undergoingvari-
able amounts of high pressure fractionation toward aluminouslow-
Ca-Mg latite (the Large-plagioclase Member) and lower pressure
differentiation toward quartz latite (the Eureka Valley Tuff).Rising
geotherms accompanying this activity precipitated increased melting
of mixed sources at the interface between the diapir andoverlying
hydrous upper mantle until such mixed sources dominated activity at
the time of eruption of the Lavas of Mahogany Ridge.At that time,
much of the eclogitic component of the diapir was exhausted andlatitic
volcanism ceased.Continued high heat flow from on-going subduction
and, perhaps, the diapir caused hornblende-andesitic volcanism to
continue unabated from sources within the overlying hydrous upper
mantle and possibly the lower crust.Both the latitic and talc -alkalic
series magmas may have undergone variable amounts of interaction
with crustal material as they rose.This would have been more
effective in the latitic series, because the latites were probably much
hotter than the hydrous talc alkaline series.MINERAL RESOURCES
Gold and Silver
181
Subvolcanic monzodiorite stocks located in the MountEmma
area (Figure 2) are thought tobe cogenetic with the late volcanic
dome-forming stage represented by the Lavas of MahoganyRidge.
These high level intrusions are associated withwide-spread epither-
mal alteration of highly permeable autobreccias andash-flow tuffs
from Mount Emma to Poore Lake.Only minor deuteric alteration,
affects the intrusives, however.Highly iron-oxide-stained, serici-
tized and silicified zones next to these stocks alongridge crests have
numerous coxcomb quartz veins,locally excavated by prospectors
(Plate 1).Adjacent, deeply entrenched valleys have chiefly propylitic
alteration with fresh disseminated pyrite.It is possible that at least
some of the heavy alteration on the ridge crests maybe the product
of supergene processes.
Several grab sample traverses of the most intensely altered
gossans were made near MountEmma (Figure 37).Sixteen of these
samples were assayed for gold and silver by the FreeportExploration
Company (Table 5).Only one sample had measurable Au and Ag
(Sample F-7-128 with 0.5 ppm Au and 18 ppm Ag).The alteration
was apparently not associatedwith economic mineralization, but the
quartz veins of sample F -7- 128 certainly carry Au and Agabove38° 19'
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Table 5.Assays by atomic absorption by
Hunter Mining Laboratory, Inc. ,
Sparks, Nevada,
Sample No. Au (ppm) Ag (ppm)
F-7-126
F-7-128
F-139-1
-0. 1*
0. 5
-0.1
-1
18
-1
F- 139 -2 -0. 1 -1
F- 13 9-3 -0. 1 -1
F-140-1 -0. 1 -1
F-140-2 -0. 1 -1
F- 140 -3 -0. 1 -1
F-140-4 -0. 1 -1
F-140 5 -0. 1 -1
F-144 -0. 1 -1
F-147 -0. 1 -1
F-152 -0. 1 -1
F-3 12 -0. 1 -1
F-3 13 -0. 1 -1
RB -0. 1 -1
Minus sign indicates less than the amount
listed.184
background concentrations.Further exploration of the highly altered
areas is probably warrantedto better evaluate the extent of minerali-
zation.
There may be a genetic relation betweenhydrothermal ore
formation and hydrous calc-alkaline magmaswith low CO2/1-120.
Because the monzodiorite plugs at and nearMount Emma are cogenetic
with the Lavas of Mahogany Ridge, petrogenetic argumentsapplied to
the low-K latites of Mahogany Ridge apply equallywell to the poten-
tially mineralized plugs.The low-K latites were probably more
hydrous and more closely related to the normal calc-alkalineandesite
series (e.g., the Relief Peak Formation and Lavasof Rickey Peak) of
the area than the early, highly potas sic TableMountain Latites and
Eureka Valley Tuff.It was also concluded that the low-K latites may
have come from a different source than the early latites.Hydrous
magmas have a tendency to crystallizerapidly as they rise to levels
where PH
20in the magma becomes equal to Ptotal because of lossof
heat and rise of the melting temperature as water"boils" from the
magma.This may explain the tendency for the low-K latitic series
to have more phenocrysts than anyother formation in the area and
their occurrence as subvolcanic intrusions.The effusive eruptions
of the low-K latites were attributed to their low totalvolatile content
and low CO2 /H20.It was concluded that the early latite series had
high CO2 /H20 and tended to erupt completely to the surface as185
widespread, phenocryst-poor flows (e.g., the TableMountain Latite)
or as pyroclastic deposits(e. g. ,the Eureka Valley Tuff).The
change from alkali-rich magmas with high CO2/H
20 in the early
latite series to low-K latites with low CO2/H20 seems to be a funda-
mental control on the tendency for hydrothermal oredeposition to
occur.The late, hydrous calc-alkaline rocks tend to formplutonic
bodies and exsolve a hydrothermal fluid upon crystallization.The
exsolved fluid would efficiently transport incompatible oremetals and
geothermal heat to permeable, water-saturated intracaldera tuffs.
Such a hydrothermal system would be ideal fordisseminated ore
deposition as large volumes of intracaldera groundwaterbecame
involved in thermal convection.
The critical conclusions to be drawn from the above model are
that the caldera-forming magmas were not associatedwith minerali-
zation, while the later, petrogentically distinct, low-K latites were
directly associated with weak mineralization.The formation of a
caldera seems to be important for providing permeable, water-
saturated host rocks for the ore and favorable fracture systemsbut is
not critical to formation of the ore deposit.There seems to be no
direct link between ash-flow volcanism and hydrothermal mineraliza-
tion.Only after all ash-flow activity has ceased, are hydrous, calc-
alkaline magmas with only weak or nonexistent genetic relation tothe
ash-flow-forming magmas able to take advantage of the favorable186
ore-forming environment of the caldera.
An extreme example of the above model isprovided by the
Goldfield District, where early ring fracturing andash-flow activity
was followed 8 m. y. laterby localization of ore forming rhyodacite
plug domes around the ring fracture system(Ashley, 1974).It is
improbable that the dacites had any direct genetic relation tothe early
ash-flow activity.The dacites at Goldfield seem instead to be part of
a wider pulse of calc-alkalinemagmatism which affected much of the
western Great Basin and northern Sierras inthe interval 22 m. y. to
about 5 m. y. (Byers and others, 1968; Noble,1972; Ashley, 1974;
Silberman and McKee, 1974).This episode of calc-alkalic activity is
associated with voluminous eruption of hydrous,biotite-hornblende-
bearing high-K andesites and dacites as well as numerousepithermal
gold-silver deposits.The only districts in this western Great Basin
province which are associated with calderas are the Goldfieldand
Silver Peak areas (Robinson, 1972; Ashley, 1972).The Bodie-Aurora,
Tonopah, and Comstock Lode districts do not have calderas,but were
among the most important gold-silverproducers in the United States
when at full production; all of these mines are in biotite orhornblende-
bearing calc-alkalic lavas of this 22 to 5 m. y. episode(Chesterman,
1968; Bonham and Garside, 1974; Bonham and Papke, 1969).It
appears that ash flows andcalderas are only very incidently related to
epithermal mineralization, while hydrous, calc -alkaline magmas are187
essential to the evolution of an ore-bearing fluid.
Copper
Plutonic equivalents of low-K latite magmas of theLavas of
Mahogany Ridge may have formed "porphyrycopper" mineralization
at depth.Recent data of Mason and McDonald (1978) and Mason(1978)
have shown that many calc-alkaline batholithshave early potassic
suites which are followed by later plutonic suiteswith lower potas-
sium, higher water content and important coppermineralization.
The magmas of the Little Walker volcanic center are alsocharacter-
ized by an early potassic series and a later low-K series.The low-K
series is the only phase of activity associated withhydrothermal
mineralization and appears to be the most hydrous eruptive unit.It
is suggested that plutonic equivalents of the low-K series mayhave
produced significant copper mineralization undermesothermal condi-
tions.The depth of this mineralization would probably be too great
to allow economic extraction even if ore-gradematerial were present.
Uranium
The high U (12 to 14 ppm or 0.37-0.45 oz./ton) in widespread
quartz latites of the Eureka Valley Tuff make these depositspotential
low grade ores of U, provided some economically feasible surface
extraction method such as in-place leaching becomes available in the188
future.High grade secondary concentrations ofuranium may also be
formed by oxidation and leaching of U in theform of soluble uranyl
ion.Reprecipitation of this soluble uranium in reducingenvironments
high in organic debris can form very rich ores.
The probability of formation of high gradesecondary concentra-
tions of U is a function of the leachabilityof the U from primary
igneous rocks and availability of buried organicdebris in aquifers.
Constancy of the U/Th ratio in most Stanislausrocks at about 3. 1
(Figure 38) regardless of the degree of hydration isprobably good
evidence that uranium is not readily leached fromthese volcanic
rocks, because U is far more soluble thanTh.Measurements of
stream uranium from a stream having onlyEureka Valley Tuff as its
provenance at Burcham Flat(Plate 1) indicate that the stream is not
notably enriched in U compared to adjacent streams(unpublished data,
Lawrence Livermore Laboratory).This further confirms that the
uraniferous Stanislaus rocks are probably not good sourcesof soluble
uranium and may apply to all volcanic rockswhere uranium is locked
in a compact glassy or devitrified matrix.Phaneritic rocks may, in
fact, be better U source rocks, because U isprobably present in
easily leached sites along grain boundaries of silicatecrystals.
Even if rocks in the area were good sources of solubleU, it is
doubtful that aquifers filled with organic debris areavailable.NoU
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Figure 38.Constancy of Th/U in all volcanic rocks at the Little
Walker center.Symbols as in Figure 13.190
such accumulations are known to the writer inthe vicinity of the
Little Walker center.
A small hydrothermal uranium prospectof unknown potential
has been rumored to exist (M. Enos, personalcommunication, 1977)
at the north end of the contiguous rangeof mountains north of Mount
Emma (Plate 1).A rough four-wheel-drive road cut into the slopes
southeast of the Marine Cold Weather Station near PickleMeadow is
the only evidence thus far found of this prospect.Additional sampling
and geiger counter exploration may be warranted inthis area
(Plate 1).191
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APPENDIX L MAJOR ELEMENT ANALYSES
After careful examination of over 200 thinsections from the
Little Walker area, at least one sample from eachmajor unit was
chosen for major element analysis.Samples were pulverized in a
tungsten-carbide shatter box after being reduced to coarsesand by a
steel pulverizer.Representative splits were then analyzed by
standard X-ray fluorescence techniques (Peck,1964) supplemented by
atomic absorption methods and instrumental neutronactivation analy-
sis (Na2O only).Table I. 1 lists all analyses recalculated to 100 per-
cent with percentages of major phenocrysticphases.
Depending upon degree of hydration and amount ofcarbonate, all
whole rock powders lost from 0.5 percent to 6 percentvolatiles upon
fushion during the X-ray fluorescence procedure.This volatile loss
was detected even in samplesbaked for 1/2 hour at 600°C and then
weighed for analysis.If water is the main volatile it is locked in
thermally stable minerals.It seems likely that CO2 locked in car-
bonates or glass (?) accounts for much of the volatile lossabove
600°C.This weight loss in samples did not, however, always occur
in specimens known to contain either hydrous minerals orcarbonate.
Original totals before recalculation are included for reference.Table I. 1.Footnotes.
1These are average counting errors at one sigma.Percentage errors are larger for samples impoverished in the oxide of interest; a range of error is
indicated where there is a large range in absolute abundance of oxide.
2n.d. = not determined.
3Abundant secondary calcite.
4Rock names: bas. and. = basaltic andesite; ol. bas. = olivine basalt; hi-K and. = high-K andesite; hi-K dac. = high-K dacite;
lo-Si, lo-K lat. = low-K latite; low-K lat. = low-K latite; hi-K b. a. = high-K basaltic andesite; qtz. lat. = quartz latite;
monzodi = monzodiorite.
5Hydrated pumice of the Tollhouse Flat Member.
6Non-hydratedpumice of the Tollhouse Flat Member.
7Lavaintercalated in the Eureka Valley Tuff.
8Fales Hot Spring Quartz Lathe; RHV= perlitic lavas of Sawmill Creek; D-77 = highly crystallized lavas of Bush Mt.
No thin section or hand sample available, but biotite and plagioclase phenocrysts were present.
;Hornblende-biotite - bearing high-silica latites at Mahogany Ridge.
10Biotite-bearingquartz latite near New Range.Table I. 1.Major element analyses.
Formation: Basalts, Basaltic Andesites Relief Peak Formation
Member:
Sample No: D-106F-120F-167F-172F-272RP-3RP-5177-1D-275F-32F-69-2F-160F-212F-248
Wt. % Error
SiO
2
i1%
1 54.752.452,656.154.856.558.654.8 60,8 60.861.357.963.062.4
A1203 ±2% 16.9 15.1 15.216.3 16.5 17.318.1 19.8 17.3 19,1 17.3 17.8 18.9 18.3
FeO ±2% 7.7 8.5 8.0 8.2 7.2 6.8 5.9 5.5 5.7 5.7 5.1 6.4 4.4 4.6
MgO ±3-7% 4.6 10.1 10.8 3.7 6.9 4.4 2.8 1.7 2.2 0.31 2.3 4.1 0.660.59
CaO ±2% 7.2 8.4 7.7 8.3 8.6 6.3 6.4 10.5 5.3 5.3 5.2 5.8 5.0 3.1
Nat ±2-5% 3.8 3.2 3.6 3.6 4.1 4.1 4.7 3.9 4.0 4.9 4.7 4.6 4.6 4.7
K2O ±2% 2.8 1.1 1.0 2.0 1.5 2.9 2.6 2.2 3.4 2.8 2.9 2.5 2.4 5.1
MnO ±5-20% 0.140.160.140.27n. d.
20.12n. d. 0.190.090.090.08n. d. 0.02n. d.
TiO
2
±3-5% 1.440.900.821.120.58 1.070.90 1.080.920.870.770.870.701,25
P2O5 ±3-6% 0.770.230.230.28n. d. 0.55n. d. 0.340.310.320.26n. d. 0.37n. d.
Recalculated Total100.0100.0100.0100.0100.0100.0100.0100.0100,0100.0100.0100.0100.0100.0
Original Total 97.395.894.996.4 99.197.097.391.0396.997.397.797.695.8 97.8
Vol % plagioclase 0.5 3.5 15 35 35 30 6 0.5 9
Vol % clinopyroxene 0.5 0.9 2.710.4 5 3 3.0 3 4 1
Vol % orthopyroxene 2 2
Vol % olivine 19.316.6 9.0 6
Vol % hornblende 10 7.0 1 2 0.5 10 1 6
Vol % biotite 0.5
Vol % xenocrystic quartz 5.6
4
Rock Name bas. ol. ol. ol. bas. hi-Khi-K bas. hi -K hi -K hi -K hi -K hi -K
and. bas. bas. b. a. and. b. a. and. and. and. and. and. and. and. latiteTable I. 1.Continued.
Formation:Relief Peak Table Mountain Latite
Member: Lower Member Large-plagioclase Member 2px Member
Sample No:
Wt. % Error
F-337F-338TML-1TML-5177-2177-3177-4177-5177-6TML -6D-148F-330F-259F329
SiO
2
±1% 60.360.958.956.056.456.756.056.056.361.861.662.257.958.9
±2% A1203 17.8 18.5 17.6 18.1 18.2 18.717.6 17.2 19.6 18.8 18.5 19.9 18.1 17.8
FeO ±2% 4.6 4.8 6.2 6.7 6.4 6.5 6.6 6.7 6.6 4.6 4.7 3.1 5.7 6.2
MgO ±3-7% 3.8 2.4 2.9 3.2 3.4 2.4 3.9 3.9 4.630.790.420.653.3 3.0
CaO ±2% 6.3 5.3 6.0 7,2 6.4 5.2 6.3 7.8 5.2 3.4 3.2 3.3 6.3 5.9
Na 20 ±2-5% 4.0 4.4 3.7 4.1 4.5 4.6 4.2 3.6 4.9 4.6 4.9 4.6 4.3 4.3
K20 ±2% 2.5 3.2 3.6 3.3 3.4 3.6 3.4 2.8 4.1 4.9 5.4 5.2 3.3 3.1
MnO ±5-20% n. d. n. d. 0.100.13n. d. 0.100.100.130.03n. d. 0.065n. d. n. d. n. d.
TiO
2
±3-5% 0.770.66 1.091.30 1.301.341.341.34 1.65 1. 18 1.28 1.230.980.96
P205 ±3-6% n. d. n. d. n. d. n. d. n.. d. 0.720.670.701.00n. d. n. d. n. d. n, d. n. d.
Recalculated Total100.0100.0100.0100,0100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0
Original Total 97.998.6 98.397.1 96.395.996.995.1 96.8 97.898.398.197.799.0
Vol % plagioclase 17 42 15 15 15.4 15 11 27.5 26.6 6 5 5 20 19.7
Vol % clinopyroxene 5 1 1/2 2 1.7 2 1.5 2.3 3 10.8
Vol % orthopyroxene 2 2 6 4.7
Vol % olivine 1 5 4.6 4 3 7.7 3.1
Vol % hornblende 6 2
Vol % biotite
Vol % xenocrystic quartz
Rock Name hi-Khi-K lo-Silo-Silo-Silo-Silo-Silo-Si lo-Klo-K
and. and. latitelat. lat. lat. lat. lo-Klat. lat. latitelatitelatitelat. lat. N)
C>a'Table L 1.Continued.
Formation: Table Mountain Latite
Member: U p.pesLleml2eL Tentative TML-NECaldera Margin Upper Member (7)
Sample No: D-180F-316177-7177-8F-293F-10F-69-1C-82-1 C-82-2F-212F-41F-319F-320
Wt. % Error
SiO
2
±1% 58.762.856.462.361.156.360.658.856.355.261.263.662.0
Al
20
3
±2% 20.3 19.0 18.1 17.3 18.2 17.017.918.417.7 17.3 17.5 18.1 18.0
FeO ±2% 5.0 4.3 6.1 5.0 7.2 6.1 4.8 6.2 6.5 6.7 5.1 4.1 5.3
MgO ±3-7% 1.3 0.522.3 0.760.4 2.9 0.94 1.2 3.3 4.3 1.0 0.700.84
CaO ±2% 5.8 5.7 8.182.8 2.7 5.2 4.5 4.8 7.3 6.1 4.4 2.5 3.1
Nat ±2-5% 4.1 4.2 4.1 4.9 6.1 8.9 4.8 4.6 4.3 4.8 4.3 4.9 4.5
K2O ±2% 3.2 3.0 3.0 5.1 5.2 2.4 4.8 3.3 2.6 3.3 5.2 5.0 5.1
MnO ±5-20% 0.07n. d. 0.180.05n. d. 0.080.050.070.070.13n. d. n. d. n. d.
TiO
2
±3-5% 1.010.64 1.23 1.21 1.261.29 1.15 1.42 1.32 1.391.31 1.09 1.15
P205 ±3-6% 0.43n. d. 0.490.49n. d. 0.310.440.740.680.81n. d. n. d. n. d.
Recalculated Total100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0
Original Total 98.597.096.496.699.898.996.494.996.196.098.1 98.197.7
Vol % plagioclase 28 3 15 3 2 15 7 0.5 27 7 1 2 0.5
Vol % clinopyroxene 0.5 1 3 1 0.5 7 0.5 5 1 0.5 0.5
Vol % orthopyroxene 0.5 5 0.5 0.5 0.5
Vol % olivine 0.5 4 0.5 4 7
Vol % hornblende
Vol % biotite
Vol % xenocrystic quartz
Rock Name lo-Klo-Klo-K lo-,K lo-Klo-Klo-K
lat. lat. lat. latitelatitelo-Silatitelat. lo-Silo-Silatitelatitelatite
lat. lat. lat.Table I. 1.Continued.
Formation: Eureka Valley Tuff (EVT) FQL' EVT Lavas of Poore Lake
Member:Tollhouse Flat?TmelBy_ Day Upper
Sample No: F-705THF6F-317 BD RHVD-77F-351ME-3ME-4F-333F-336F-166D-1 D-12
Lat. of
Devils Gate
Wt. % Error
SiO2 *1% 64.566.458.964.069.669.665.461.761.764.863.062.963.657.6
±2% 18.0 A1203 16.820.3 16.916.8 17.3 17.2 18.6 19.317.7 18.3 17.9 17.4 19.9
FeO ±2% 3.3 2.9 4.8 4.0 1.9 1.6 3.8 5.1 3.7 3.3 4.5 4.5 4.1 5.8
MgO ±3-7% 0.980.831.4 1.3 0.500.200.9 1.5 0.680.921.3 1.4 1.2 1.9
CaO ±2% 2.7 2.0 5 6 2.5 1.4 1.2 2.6 4.1 3.8 3.0 3.4 5.1 3.0 6.1
Na 20 ±2-5% 4.9 4.8 4.4 4.3 3.3 5.5 5.2 4.1 5.1 6.0 5.244.3 4.4 3.8
K20 *2% 4.9 5.4 3.6 5.6 6.1 4.3 4.1 3.5 4.4 3.6 3.8 3.5 5.1 3.8
MnO *5-20% n. d. 0.09n. d. 0.090.10n. d. n. d. 0.100.6 zi. d. n. d. n. d. 0.1120.66
TiO
2
±3-5% 0.700.670.990.950.430.250.830.860.820.660.540.46 1.09 1.18
P205 ±3-6% n. d. 0.19n. d. 0.31n. d. n. d. n. d 0.380.31n. d. n. d. ri. d. n. d n
Recalculated Total100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0
Original Total 97.1 98.8 97.498.895.798.898.5 97.597.298.498.495.5 95.595.9
Vol % plagioclase 12 12 25 3 2 8 4 * * 12 28.8 8 4.1 25.3
Vol % clinopyroxene 0.5 0.5 2 0.5 0.5 0.6 1.5
Vol % orthopyroxene 0.5 1.5 0.9
Vol % olivine
Vol % hornblende 0.5 0.5 0.5 0.1
Vol % biotite 2 2 1 2 1 3 8.0 3
Vol % xenocrystic quartz
Rock Name qtz. qtz. lo-K qtz. qtz. qtz. qtz. lo-K lo-K lo-K qtz.
lat. lat. lat. lat. lat. lat. lat. lat. latitelat. latitelat. lat. latite
c>
coTable I. 1.Continued.
Formation:Latites of Devils Gate Lavas of Maho anRid e
Member: Main Two-roxene Lov -K Latite Series
Sam le No: N-41 D -74D-289LW-37D-44D-71D-91D-112D-112-2D-240F-99F-265-2F-297F-300
Wt. % Error
SiO
2
±1% 61.361.061.257.056.459.557.956.356.153.155.256.356.162.0
A1203 ±2% 19.3 18.1 18.1 12.6 18.3 17.517.7 18.6 18.3 17.8 16.8 18.5 17.7 18.5
FeO ±2% 3.8 4.9 4.9 6.5 6.7 5.9 6.5 6.8 6.9 7.7 7.5 6.4 6.9 4.3
MgO ±3-7% 1.5 1.2 0.584.3 3.8 3.0 3.4 3.5 4.0 6.4 3.6 4.1 4.5 1.6
CaO ±2% 5.3 4.5 4.2 7.4 7.4 5.7 6.2 7.6 7.4 8. 7 7.9 7.1 7.2 4.0
Nat ±2-5% 3.8 4.5 4.0 3.6 3.5 3.6 3.9 3.3 4.3 3.8 4.9 4.2 4.0 4.3
K 2° ±2% 4.2 4.6 4.6 2.6 2.7 3.4 2.8 2.9 2.7 1.6 2.5 2.6 2.6 4.3
MnO ±5 -20% 0.0670.1110.080.1010.1140.110.100.12 n.d. 0.130.15 n. d. n. d. n. d.
TiO
2
±3-5% 0.86 1.11 1.200.98 1.050.901.03 0.970.97 1.03 1.150.940,97 1.02
P205 ±3-6% n. d n. d. 0.48 d. n. d. 0.430 44 n. d n. d 0.39 n. d. n. d.
Recalculated Total100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0
Original Total 98.898.995.497.698.396.297.797.997.597.797.897.1 97.6 98. 2
Vol % plagioclase 15 10 9 35.3 14 30 26 38.529.9 10 15 25 25 8
Vol % clinopyroxene 0.5 3.4 10 4 2 6.3 3.8 15 4 7 6 1
Vol % orthopyroxene 0.5 1.1 5.4 4 1 2.0 2.3 0.5 2 6 3 1
Vol % olivine 0.5 0.5 0.5 1.3 10
Vol % hornblende 0.5
Vol % biotite
Vol % xenocrystic quartz
Rock Name lo-K lo-Klo-K lo-Klo-Klo-K
lo-Klo-Silo-Klo-Klo-Silo-Si hi -Klo-Silo-Silo-Si
N
latitelatitelatitelat, lat. lat. lat. lat. lat. b. a. lat. lat. lat. latitec,Table I. 1.Continued.
Formation: Lavas of Mahogany Ridge Lavas of Rickey Peak
Member: MainTwo-px
F-324
Intrusives-Mt. Emma Tmlh Tmlql°Upper
Sample No: F-322 F-331F-165F -127LW-4F-109F-206F-266D-4D-129D-175D-210D-218
Wt. % Error
SiO
2
±1% 56.255.058.257.458.860.262.063.456.967.961.466.061.265.2
A1203 ±2% 17.617.8 18.217.2 17.417.917.0 18.118.216.9 18.2 17.6 18.5 17.5
FeO ±2% 7.1 7 6 6.1 6.6 6.0 5.5 4.3 3.7 6.3 2.5 4.7 2.8 5.0 3.5
MgO 3:3-7% 4.7 4.4 3.4 4.3 3.9 2.7 2.5 1.3 4.35 1.2 2.7 1.5 2.1 1.5
CaO ±2% 7.3 7.8 6.1 6.7 5.5 5.7 5.8 3.3 6.4 2.6 5.6 3.5 6.2 4.1
Na
20 ±2-5% 3.5 3.7 4.1 3.8 4.6 4.1 4.1 4.4 4.4 4.2 3.8 4.5 4.2 4.5
K20 ±2% 2.5 2.7 3.1 2.3 2.5 2.9 3.1 4.9 2.7 4.3 2.8 3.6 2.1 3.0
MnO ±5-20% 12. d. n. d, ri. d. 0.130.060.1150.11 0.15 n. d. 0.040.030.0550.1 0.056
TiO
2
±3-5% 0.97 1.010.871.010.970.840.850.95 1.010.460.820.48 0.68 0.563
P2O5 ±3-6% n. d n. d. n. d. 0.460.39 n. 0.32 n. d. n. d. n. d. n. d. n d. n. d n. d.
Recalculated Total100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0100.0
Original Total 98.497.5 98.096.894.999.696.6 97.6 98.8100.097.5100.998.7100.4
Vol % plagioclase 31.8 20 25 20 73 10 10 12.5 0.5 19 10 13 21 20
Vol % clinopyroxene 7.7 3 2 5 13 4 4 0.9 0.5 0.5 0.5
Vol % orthopyroxene 0.7 5 5 2 0.5 0.5 0.7
Vol % olivine 2.1 2 1
Vol % hornblende 5 5 2 8 4 7 5
Vol % biotite 8 2 2 0.9 3 3 1
Vol % xenocrystic quartz 3
Vol % K-feldspar 3
Rock Name lo-Klo-K lo-K
lo-Silo-Silo-Khi-Kmon-lo-Klo-K qtz. lo-Si
lat. ht. and. zodi lat. lat. lat. lat. daciteand. daciteand.dacite211
APPENDIX IL TRACE ELEMENT ANALYSES
Samples chosen for trace element analysis were carefully
selected to be free of secondary alteration effects, if this was pos-
sible.Where a series of samples from one formation were to be
analyzed, samples were chosen so that the complete rangeof chemical
variation could be represented.All analyses are listed in Table II. 1.
Trace elements, except Sr and Rb, were determined by standard
instrumental neutron activation analysis (Bowman, et at. ,1973;
Murali, et al. ,1977).All samples were pulverized in an alumina
pulverizer after careful washing in deionized water.About 200 mil-
ligrams of each was then placed in laboratory-grade polyvials and
irradiated.It was found that about six hours of irradiation at one
megawatt in the rotating rack of a standard TRIGA reactorproduced
optimum activities for long-lived nuclides.Short-lived nuclide
activities were optimized by irradiation in the core at about 60 KW
for one minute.
Rb and Sr were determined from pressed powder pellets by
standard X-ray fluorescence techniques (Chappell, B. W. ,et al. ,
1969).Duplicates showed less than 2 percent variation for both
elements.Table II. 1.Footnotes.
1Basaltic andesite of Plate 1.
2Values in parentheses are the counting errors at one sigma,These are minimum errors.Sample inhomogeneity, minor contaminants, inequality
of counting geometry, minor sample losses in transfers, and other random errors probably raise theminimum error at least 1% for all samples.
3Sample from western Sierras.
4TollhouseFlat Member.
5By-Day Member.
6Fales Hot Springs Quartz Lathe.
7Biotite-bearing, pyroxene monzodiorite at Mount Emma.
8Biotite-hornblende-bearing high-silica latites of Mahogany Ridge.
9Biotite-bearing, two-pyroxene quartz latite.Table II. 1.Whole rock trace element analyses.
Formation:
1
Tb Relief Peak Table Mountain Latite
fiber: Lower Member
Sample No:D-106 RP-3 177-1 D-275 TML -13 TML-5 177-2 177-3 177-4 177-5
Cs 1.30(. 08)- 3.4(.2) 11.4(.8) 2.0(.2) 2.2(.4) 6.3(.3) 1.1(.1)
Rb 57(3.6)2 66(3.4) 39(3.2) 86(3.7) 199(8) 133(5) 128(4.4) 155(4.7) 140(4.5)
Sr 1169(8.8)1012(7.7)619(5.8) 958(7.5) 722(187) 1014(232)838(7.1) 765(6.6) 845(7.1)
Ba - 1252(61) 1299(61) 1530(66) -
La 64(1) 66(2) 60.4(.7)
Ce 44(1) 60(1) 125(3) 141(4) 117(2) 108(2) 117(2)
Nd - 60(5) 68(5) 59(10) -
Sm - 9.7(.2) 10.2(.2) 9.37(. 05) - -
Eu 1.80(. 01)- 1.59(. 01)1.90(. 05)2.06(. 06)2.07(. 02) 2.2(.02) 2.20(. OS)
Tb O. 54(. 03)- 0.48(. 03)1.05(.07)1.32(. 08)0.81(. 03) 0.73( . 03)0.78(. 04)
Dy - 5.4(.3) 4.7(.2)
Yb 2.64(. 07)2.30(. 06)2.27(. 16)
Lu - 0.36(. 03)0.33(. 02)0.33(. 03) - -
Th 4.7(.4) 10.2( . 5) 31(1) 23.9(.8) 21.0(.2) 21.8(.9) 18.5(.8)
U 9.6(.9) 7.4(.7) 7.3(.5) -
Hf 4.3(.2) - S. 1(. 3) 9.9(. 7) 11.4(.8) 9.7(. 2) - 9. S(. 4) 8.6(.3)
Ta 0.42(. 06)- 1.07(. 07)1.00(. 03)1.07(. 03)1.2( . 1) - 1.2(.1) 1.17(. 09)
Co 22.3(.3) - 32.4(.5) 17.3( . 3) 23.7(.4) 23.7( . 15) 29.8( . 4) 30.8(.4)
Ni - - 41(14) 66(15) - -
Sc 14.69(. 09)- 13.01(. 08)16.1(.3) 15.4(.3) 14.95(. 04) 16.3(.1) 17.5(.1)
V 200(6) - 183(8) 252(44) 232(40) -
Cr 87(4) 127(5) 97(2)
Zn 88(13) 115(16)
Mn 999(10) 664(10) 700(22) 839(26)
Sb 1.3(.1) 1.0(.1)Table II. 1.Continued
Formation: Tab e Mountain Latite Valle Tuff Tmf
Member: Large - Plagioclase U
_Eureka
er Member Tmet4 Tmeb
Sample No:177-6 D-148 D-180 177-7 177-8 THE BD RHV
Cs
Rb
Sr
Ba
La
Ce
Nd
Sm
6.2(.2)
182(5.1) 259(6.3)
781(6.8) 551(5.4)
- -
169(2)
-
82(3.6)
1030(7.8)
16.5(1.1)
69(3.6) 261(6.3) 225(6)
1008(7.9) 499(5.2) 384(5)
- 1703(83)
69(1)
- 143(4)
61(5)
9.0(.2)
13.8(1)
202(6)
2000(90)
72.4(1)
153(4)
63(5)
10.3(.2)
95. (. 7)
193(6)
458(148)
1940(93)
56(1)
102(3)
42(4)
6.3(.1)
Eu 2.89(. 02) - 1.66(. 05) 1.96(. 05) 1.26( . 04)
Tb 1.95(. 04) 0.98(. 06) 1.02(. 06) 0.66(. 04)
Dy - - 4.8(.2) 6.1(.2) 3.2(.2)
Yb - - 2.81(.07) 3.27(. 07) 2.08(. 05)
Lu 0.37(. 03) 0.40(. 03) 0.30(. 02)
Th 33(1) - 42(1) 36(1) 23.1(.7)
U - - 14(1) 12(1) 7.6(.7)
Hf 13.2(.4) 13(1) 12.5(1) 9.9(.7)
Ta 7.8(.1) 1.41(. 04) 1.43(. 04) 0.82(. 02)
Co 23.8(.3) 2.7(.1) 5.3(.1) 1.24(. 07)
Ni - - 10(10) 9(9) 5(8)
Sc 14.0(.1) 7.5(.1) 10.5(.1) 4.26(. 07)
V - 102(4) - 51(19) 90(25) 16(15)
Cr - 3.5(.13) 1.5(1.0) 3.6(1.1)
Zn - - 86(12) 85(12) 71(10)
Mn 476(8) - 632(20) 683(22)
Sb 2.7(.2) 1.3(.1)Table II. 1.Continued.
Formation: Lavas of Poore Lake Latites of Devils Gate
Member:
Sample No:ME-3 ME-4 F-336 F-166 D-1 D-12 N -41 D-74 D-289
Cs 16.5(1.1) 5.3(.6) 1.5(.1) 8.4(.6) 1.6(.2) 2. 74(. 13)
Rb 110(4) 125(4) 148(4.4) 82(3.6) 119(4) 125(4) 119(4)
Sr 860(7) 790(7) - 588(5.5) 1076(8.1) 936(7) 757(6) 741(6)
B9. - - 2031(61) 2104(101) 1686(82) -
La 46.5(.5) 58(1) 47(1) -
Ce 85(2) 76(1.4) 116(3) 91(2) 44(1)
Nd 29(8) 53(4.5) 49(1)
Sm - 6.61(. 04) - 9.2(.2) 8.3(.2)
Ea - - 1.65(. 02) 1.72(. 01) 2.02(. 06) 2.08(. 06) - 2.4(.02)
Tb - 0.55(. 02) 0.46(. 02) 1.00(. 06) 0.89(. 06) 0.77(. 04)
Dy - - - 4.8(.3) 4.3(.2)
Yb - 2.0(. 15) 2.50(. 06) 2.06(. 05) -
Lu 0.29(. 03) - 0.34(. 02) 0.28(. 02) -
Th - - 16.7(.2) 13.1(.6) 19.8(.6) 13.4(.4) - 16.8(.4)
U - 6.7(.5) - 6.4(.6) 4.3(.4)
Hf - 7.2(.1) 5.7(.2) 10.2(.7) 7.0(.5) - 7.3(.3)
Ta - - 0.84(. 07) 0.69(. 06) 0.89(. 03) 0.63(. 02) 0.92(. 06)
Co - 6.98(. 07) 13.0(.2) 4.5(.1) 12.8(. 2) - - 9.35(. 16)
Ni - - - - 8(12) 0.7(13)
Sc - 6.93(. 02) 9.29(. 06) 12.7(.2) IS. 1(. 25) 13.97(. 09)
V 104(30) 170(35) 137(7)
Cr - 3.5(1.5) 12(.17) -
Zn 97(14) 100(15) -
Mn - 791(25) 516(17) 441(7)
Sb - - - 0.9( . 1) 0.8(.1)Table II-1.Continued.
Formation: Lavas of MahoganyRidge
Low-K Latite Series Member: Main Twooxene
Sample No:LW-37 D-44 D-71 D-91 D-112 D-112-2 D-240 F-322
Cs 1.8(.2) 3.7(.3) 3.4(. 3) 3.0(.3) 0.9(.2) 2.5(.2)
Rb 57(3) 76(3.7) 93(4) 80(3.7) 70(4) 35(3)
Sr 1070(8) 1144(8.6) 963(8) 1087(8.3) 1219(9) 921(8) -
Ba 208(59) 1295(60) 1223(57) 1185(76) 1108(52) 1293(63)
La 32.9(.7) 35(1) 36(1) 34.0(.4) 28(1) 32.2(.4)
Ce 69(2) 74(2) - 66(1.4) 74(2) 69(1) 54.7(1.6) 63.9(.9)
Nd 37(3) 39(3) 36(3) - 33.4(2.5)
Sm 6.1(.1) 6.54(. 14) - - 6.4(.1) 6.84(. 05) 5.9(.1) 6.24( . 05)
Eu 1.60(. 04) 1.81(.05) 2.33(. 02) 1.82(. 05) 1.83(. 02) 1.67(. 05) 1.75(. 02)
Tb 0.71(. 05) 0.68(. 05) 0.74(. 04) 0.70(. 05) 0.59(. 03) 0.71(. 06) 0.57(. 03)
Dy 3.6(.2) 3.3(.2) 3.2(.2) - 3.4(.2)
Yb 1.66(. 05 ) 1.60(. 05) 1.55(. 04) 1.7(.2) 1.69(. 05) 1.7(.1)
Lu 0.23(. 02) 0.26(. 02) 0.21(. 01) 0.21(. 03) 0.23(. 01) 0.19(. 02)
Th 10.3(.4) 10.1(.4) 11.4(.5) 9.3(.4) 8.3(.2) 5.8(.3) 8.0(.2)
U 3.2(.3) 3.1(.3) 3.0(.3) 3.4(.5) 1.7(.2) 2.96(.5)
Hf 5.6(.4) 5.4(.4) 5.1(.3) 5.2(.4) 4.71(. 14) 4.1(.3) 4.3(.1)
Ta 0.49(. 01) 0.47(. 01) 0.99(. 08) 0.49(. 01) 0.55(. 06) 0.36(. 01) 0.50(. OS)
Co 23.7(.4) 19.9(.3) 33.7(.5) 21.3(.4) 22.18(. 14)31.7(.5) 22.9(.15)
Ni 63(15) 32(14) - 24(14) 33(15) 65(18)
Sc 17.7(.3) 15.8(.3) 15.7(.1) 14.7(.2) 14.91(. 04)26.0(. 4) 17.22(. 04)
V 252(44) 255(44) 195(7) 214(8) 212(40) 162(5) 270(47) 183(6)
Cr 150(6) 44(3) 34(2) 31(1.5) 208(8) 59(2.6)
Zn 97(14) 87(13) - 90(13) - 113(17) -
Mn 719(22) 772(24) 825(9) 705(8) 818(25) 727(5) 983(30) 1076(7)
Sb 0.4(.1) 0.4(.1) 0.3(.1) 0.3(.1)Table II. 1.Continued.
Formation: Lavas of Mahogany Ridge
Tmlq
Lavas of Rickey Peak
Member: Tmli7 Tmlh
Sample No:F-127 LW-4 F-206 D-4 D-175 D-210
Cs 6.4(.3) 3.2(.3) 9.7(.8) 5.9(.4) 2.2(.2) O. 8(. 1)
Rb 98(4) 93(4) 157(5) 69(4) 43(3)
Sr 1036(8) 1349(293) - 1500(166) 1068(217) 1472(291)
Ba 1295(61) 2008(99) 1500(70) 1624(75) 1063(5)
La 39(1.3) 59.6(.7) 39(1) 36(1) 34(1)
Ce 76(1.5) 80(2) 116(1.3) 70(2) 68(2) 72(2)
Nd 37(3) 44(9) 27(2) 28(2) 34(2.5)
Sm - 6.0(.1) 9.46(. 06) 3.77(. 08) 3.98(. 08) 5.4(.1)
Eu 2.20(. 02) 1.58(. 04) 2.06(. 02) 1.00(. 03) 1.10(. 03) 1.59(. 04)
Tb 0.69(. 04) 0.78(. 05) 0.82(. 02) 0.34(. 03) 0.39(. 03) 0.56(. 04)
Dy 2.85(. 15) - 1.7(.1) 1.74(. 12) 2.6(.15)
Yb 1.51(. 04) 2.9(.2) 0.92(. 03) 0.97(. 03) 1.28(. 04)
Lu - 0.20(. 01) 0.37(. 03) 0.13(. 01) 0.12(. 01) 0.16(. 01)
Th 14.3(1.1) 18.1(.5) 21.9(.2) 16.5(.6) 11.3(.4) 8.0(. 3)
U - 3.9(.4) 8.7(.6) 5.0(.5) 3.6(.3) 2.2(.2)
Hf 6.2(.3) 6.1(.5) 9.6(.14) 5.4(.4) 5.1(.4) 4.7(.3)
Ta 0.75(. 06) 0.49(. 01) 1.3(. 1) 0.76(. 02) 0.64(. 02) 0.39(. 01)
Co 26.7(.4) 16.6(.3) 5.84(. 07) 6.58(. 14) 8.0(.16) 11.4( . 2)
Ni 47(12) 15(8) 9.1(8.8) 14(11)
Sc 17. 3(, 1) 10.6(.2) 10. 14(. 03) 4. 29(. 07) 5. 57(. 09) 8. 3(. 14)
V - 137(27) 63(5) 60(19) 78(21) 131(29)
Cr - 39(2) 12.6(1.5) 15.7(1.4) 30(2) 9(2)
Zn 96(14) 58.5(8.1) 78(1) 92(13)
Mn 714(22) 1164(8) 287(9) 476(15) 660(20)
Sb 0.3(.1) 0.5(.1) 0.4(.1) (. 1)(. 1)218
APPENDIX III: MINERAL SEPARATE DATA
Analytical Procedure
Three samples representative of the full rangeof composition
of the Lavas of Mahogany Ridge werecarefully selected to be free of
weathering effects.Exact mineral-groundmass proportions were
determined by counting 2000 to 4000points across rock thin sections
of each sample (Table III. 1).
Major element compositions of whole rockpowders were deter-
mined by X-ray fluorescence proceduressimilar to Peck (1964),
supplemented by atomic absorption methods.Trace elements and
limited major elements were determined bytechniques of Bowman and
others (1973) and Murali and others (1977) forboth whole rocks and
mineral separates, utilizing instrumental neutronactivation analysis
(INAA). INAA is not a precise technique fordetermination of certain
major elements (e. g. , K2O, MgO), whileothers (5i02 and P2O5)
could not be determined. Because only INAAcould be used for the
small quantity of sample available from mineralseparates, the major
element analyses are, in part, estimated andrather imprecise for
these samples.
Mineral separations were accomplished bysieving out the 100
to 120 mesh fraction of crushedwhole rocks.Fe-Ti oxides and
highly magnetic groundmass were removed with ahand magnet covered219
Table III. 1.Point count data.
Sam les F-322±*D-112± F-206
Total No.of points2045 2075 4066
Groundmass (vol. %) 57 2 62 2 84 1
(wt. %) 53 2 59 2 78 1
Plagioclase (vol. %) 32 2 30 2 12 1
(wt. %) 32 2 30 2 15.71. 3
Augite (vol. %) 8 1 3.80.8 0.90.2
(wt. %) 9.6 1 3.61.0 1.40.3
Orthopyroxe ne(vol. %) 0.70.2 2.30.5 0.69O. 15
(wt. %) 0. 90. 2 3.00.7 1. 17O. 25
Olivine (vol. %) 2. 10.5 1.30.3 --
(wt. %) 2.70. 6 1.70.4 --
Fe -Ti Oxides(vol. %) 0.90.2 0.80.2 1.00.2
(wt. %) 1.60.4 1.40.4 2.340.5
Apatite (vol. %) O. 10. 05 0. 30. 1 0. 150. 04
(wt. %) 0. 1O. 05 O. 30. 1
Biotite (vol. %) 0.90.2
(wt. %) 1.350. 3
Counting error at one sigma.220
with clean paper.The remainder of the sample was then passed
through the Franz Isodynamic Separator to obtain a relatively pure
plagioclase separate (final separate achieved at 1.25 amperes,15°
forward slope, 20° side slope).This plagioclase separate was then
passed through 1, 1, 2, 2- tetrabromoethane (specificgravity = 2.96 at
20°C) to separate unwanted nonmagnetic heavy minerals.
If the volume of the magnetic portion from the Franz separation
was small enough, it was passedthrough heavy liquid (G = 2. 96) to
separate heavy minerals from groundmass-richgrains.Heavy
minerals were then put through the Franz until a split was isolated
which passed undeflected at 0. 6 amperes, 20° side slope, and15°
forward slope.This portion was generally about 98 percent or more
pure clinopyroxene.
If the magnetic portion from the first Franz separation was too
large to put directly through heavy liquid, then it was reducedby
running it through the Franz at various settings of less than 0.6
amperes and 20° side slope, takingthe least magnetic fraction to put
through heavy liquid.Heavy minerals from this separation were then
passed through the Franz, and the clinopyroxene separate(undeflected
at 0.6 amperes, 20° side slope) was saved.
If the whole rock was relatively Fe-rich (7.0 percent or more
FeO) the original split obtained with the hand magnet also contained
most pure groundmass grains, but if the whole rock wasrelatively221
Fe-poor (3. 7 percent or less FeO)then groundmass grains were 90
percent of the highly magneticportion having a specific gravity less
than 2.96 saved during theclinopyroxene separation.
In the Fe-rich samples groundmasspicked up with the hand
magnet was separated from Fe-Tioxides by passing the paper-
covered hand magnet about one inchabove thinly spread grains, saving
the oxides which clung to the magnet.The less magnetic fraction was
then passed through heavy liquid(G = 2. 96) to obtain a light-weight
split of 70 to 80 percent puregroundmass.
Both low-Fe and high-Fe groundmass separates werethen
passed through the Franz and Fe-Tioxide-groundmass composite
grains deflected at 0.05 to 0.10 amperes,25° side slope were dis-
carded.The remainder of the sample wasthen passed through the
Franz at an amperage which deflectedabout 90 percent of the sample
at 20° side slope.The undeflected grains were thendiscarded, being
groundmass -plagioclase composites.
After each heavy liquid separation,important fractions were
washed at least 30 times with acetone,15 times with deionized water,
and baked in crucibles at 50°C abovethe boiling point of the heavy
liquid (about 200 °C) for at least12 hours.Only after baking was it
possible to pass the sample throughthe Franz without clinging.
Each Franz separation was performed as manytimes as neces-
sary to achieve maximumpurity.Purity was improved at low forward222
slope (12-15°) and very slow feed rates.
Final separation of Fe-Ti oxides from the mostmagnetic (hand
magnet) fraction was accomplished by passing ametal probe, mag-
netized by the hand magnet, through the sampleand saving only those
grains which clung tenaceously to the probe.These grains were then
washed at least 30 times with acetone and15 times with deionized
water.
Contamination introduced during the separatoryprocedure was
measured by running a split from a reagent gradesilica powder
through the same process. Both contaminated anduncontaminated
powders were then analyzed via INAA for contaiminants.Contamina-
tion levels for various elements are listed in Table111.2.It is
obvious that the separatory procedure produced nosignificant con-
tamination.
In general some glass clung to Fe-Ti oxides andFe-Ti oxide
phenocrysts persisted in the groundmass along with othermicro-
phenocrysts, chiefly plagioclase.The opacity of groundmass par-
ticles prevented hand separation of these contaminants, socontaminant
minerals were mathematically mixed out of the groundmassanalyses
using a least squares petrologic mixing program(Bryan, Finger, and
Chayes, 1969) to find a best match to the ideal majorelement compo-
sition estimated from mass balance calculationsconstrained by the
point count data (Table III. 3).223
Table III. 2.Contamination levels from measurements of
pure SiO2powder.
Sample
Unit
Si
PPnl t
Si -D
PPm
Difference
Cs 0.0002* 0. 007(9. 001)
Ba 9(20) 31 (40) 22 ± 28
La . 01* .03*
Ce . 16* .31*
Nd 3. 1* 7.5*
Sm . 01* . 02*
Eu . 04(. 06) . 2 (.15) .16t. 15
Tb . 14* .016*
Dy .4* .4*
Yb . 18*
Lu .010* . 022 .01 ± .02
Th .03* .056
U .06(. 10) . 1(.2) .04 ± . 08
Hf . 02* . 02*
Ta . 02* . 02*
Co .61(.01) 1.24(. 01) .63(. 01)
Sc . 01(. 01) . 02(. 02) .01 ± .01
V . 9 (.$) 1.2 (1.1) .3 ± .3
Cr .11* .36=.
Mn ( %) .52(. 15) 1. 7(. 3) 1. 2(. 3)
A1203 .51(. 01) .55(. 01) .04(. 01)
FeO .03(. 02) . 04(.06) . 01(.06)
MgO
CaO
Na2O .010(. 001) .069(. 003) .060(. 003)
TiO2
Si-D = Powder put through mineralseparation procedure.
Si= Powder not put throughmineral separation procedure.
Below this amount at three sigma.
Difference between three-sigma estimates are not con-
sidered meaningful.Table III. 3.Corrected groundmass compositions.
Sample
Measured
F-3220)1
Corrected
F-322
Measured
D-112-2(6)
Corrected
D-112-2
Measured
F-206(6)
Corrected
F-206
% Plag.
% Fe -Ti Oxide
(3/0 Augite
% Olivine
16
3.1
4.2
1.6
8
4.6
10
2
Ideal SiO2 62 61 68
SiO2 62 60 69
Ideal A1203 14.7 15.6 17.04
A1203 % 16.2(.2) 14.8 16.4(.2) 16.1 17.8(.2) 17.04
Ideal FeO % 7.19 6.65 1.30
FeO % 8.83(. 07) 6.90 9.63(. 07) 6.63 2.72(. 03) 1.30
Ideal CaO % 3.03 4.49 0.92
CaO % 5.2(.4) 3.05 4.95(.4) 4.55 2.2(.3) 1.09
Ideal Na2O% 3.07 3.11 4.28
Na2O 3.20(. 02) 3.24 3.2(.2) 3.22 4.18(. 03) 4.2
Ideal K2O 4.70 4.3 6
K2O 4.70 4.3 6
Ideal MnO % 0.1 0.035 0.15
MnO % 0. 136(. 006) 0.1 0.117(. 006) 0.09 0.090(.005) 0.08
Ideal TiO2 % 1.2 1.23 0.70
TiO2 % 1.5(. 1) 1.4 1.9(. 1) 1.40 0.60(. 08) 0.34Table III. 3.Continued.
Sample
Measured
F -322(u )
Corrected
F-322
Measured
D- 112 -2(0-) D-112-2(o-)
Corrected
D-112-2
Measured
F-206(o-)
Corrected
F-206
Cs ppm
Ba ppm
La ppm
Ce ppm
Nd ppm
Sm ppm
Eu ppm
Tb ppm
Dy ppm
Yb ppm
Lu ppm
Th ppm
U ppm
Hf ppm
Ta ppm
Co ppm
Sc ppm
V ppm
Cr ppm
3. 8(. 3)
1499(45)
44. 8(. 5)
94. 6(1. 0)
57(9)
8. 33(. 04)
2. 08(. 02)
O. 80(. 03)
22(2)
2.3(. 1)
0.31(. 02)
13. 1(. 2)
4. 2(. 3)
6. 90(. 13)
O. 85(. 07)
28. 56(. 2)
15. 79(. 04)
288(6. 5)
52(7.7)
4. 86(. 4)
1916(58)
54. 5(. 6)
116(1.3)
70(12)
9.93 (. 05)
2. 27(. 05)
0. 94(. 04)
27(3)
2. 8(. 13)
O. 38(. 03)
16. 7(. 3)
5. 2(. 4)
8. 8(. 2)
1. 09(. 09)
27. 5(. 2)
14. 02(. 04)
4. 2(. 4)
1593(85)
41. 8(. 5)
85. 3(. 9)
41(10)
8. 68(. 04)
1. 92(. 02)
O. 67(. 03)
18(2)
1. 7(. 1)
O. 24(. 03)
11.85(. 16)
4.6(.4)
6. 54(. 13)
O. 84(. 07)
28. 9(. 16)
12. 12(. 03)
373(8)
81(1.8)
4. 7(. 5)
1782(95)
45. 7(. 5)
94(1)
47(11)
8. 59 (. 06)
2. 01(. 02)
O. 74(. 03)
20(2)
1. 9(. 1)
O. 27(. 03)
13.3(. 18)
5. 15(.45)
7. 26(. 15)
0. 94(. 08)
20. 9(. 2)
12. 33(. 03)
272(8)
12(1)
2359(60)
62. 6(. 7)
128. 3(1. 3)
57(9)
11. 04(. 04)
2. 13(. 03)
O. 88(. 02)
35(2)
3. 4 (. 2)
O. 44(. 03)
27. 3(. 3)
9. 8(. 5)
11.46(. 15)
1. 5(. 1)
4. 03(. 07)
9. 34(. 03)
34(5)
13. 9(1)
2680(68)
69(. 8)
142.4(1.5)
65(10)
11. 0(. 06)
2. 17(. 03)
0. 99(. 03)
40(2)
3. 9(. 2)
O. 50(. 03)
31(. 3)
11. 1(.6)
12.9(. 17)
1. 7(. 1)
1. 77(. 05)
9. 68(. 03)
1Counting error at one sigma.226
Only the most accurately known majoroxides were used to
constrain the mixing models.Uncertainties in these calculations are
large, owing to the necessity of estimatingthe compositions of pos-
sible hypersthene and olivine contaminantsand probable non-uniqueness
of the mixes.These uncertainties are also very difficult toquantify
due to the large number of unknownvariances involved, but errors
equal to 25 percent of the difference between"ideal" and measured
values may be well within the uncertainty ofthe data.
The chief groundmass contaminants wereplagioclase and iron-
titanium oxides.These phases contain only minor amounts of large-
ion elements, so that their effect is to dilutegroundmass concentra-
tions of these elements.The high (4529 to 2564 ppm) V and Cr (1324
to 1009 ppm) content of Fe-Ti oxidescaused very large correction
factors to be applied to groundmass Cr and V, resultingin unstable
calculations for the very low Cr and V of groundmass.Ni suffered
from similar problems, but was of such low precision(high gamma
ray spectral interference)that it was not reported.Owing to these
problems no distribution coefficients have been reportedfor Cr, V,
and Ni.
Fe-Ti oxides contain an order of magnitude less Coand Sc
relative to Cr and V, so that groundmass correctionsfor these ele-
ments were much smaller.This allowed calculation of reasonable
distribution coefficients for these elements.227
Minor sieving by glass inclusions wasnoted in plagioclase
separates, and some glass(groundmass) clung to all final Fe-Ti
oxide separates.The amount of glass was estimated by the Th con-
tent of the separates, since Thshould be essentially incompatible with
all major crystal phases, but quite high in glass.Using the corrected
glass analyses above, mass balance calculations wereused to calcu-
late out glass contamination completelyconstrained by Th.Correc-
tions were minor for plagioclase but rather largein Fe -Ti oxides
(Tables 111.4 and III. 5).Anomalously high REE in Fe-Ti-oxides can
not be accounted for by silicate-contamination,and since REE must
be very low in these oxides (Nagasawa andothers, 1976), perhaps
RE-rich apatite or perovskite is the contaminant.Clinopyroxenes
were essentially free of contaminantsand required no mass balance
corrections.Clinopyroxene analyses are reported in Table 111.6.
In general major element contents of phasesreported here agree
well with microprobe data for phenocrysts in othershoshonitic
(latitic) rocks (Table III. 7).Augites are slightly less aluminous and
more MgO -rich than those of Guest(1977), while Fe-Ti oxides are
more titaniferous thanJoplin's (1972) compositions.
Olivine, hypersthene, and biotite analyses were takenfrom the
literature for use in petrologic mixing calculations(Table III. 7).
Biotites from the lavas of Poore Lake have about 8.1 percentK20
(unpublished data of Silberman, 1974) which is close to the K20 of theTable III. 4.Fe -Ti oxide analyses.
MeasuredCorrectedMeasuredCorrectedMeasuredCorrected
Sample F-322(6)1 F-322 D-112(6) D-112 F- 206 (o-) F-206
% cpx (10.83) 21.24
% groundmass 8.38 9.05 12.26
SiO2
%
A1203 % 5.4(.2) 4.54(.2) 2.44(. 02) 1.08(. 04)4.46(. 08)2.7(. 1)
FeO % 67.8(.5) 73.4(.6) 71.5(.5) 78.0(.6) 67.0(.5) 76.2(.6)
MgO % 4(2) 4(2) 3(1.8) 3(1.8) 2.7(1.6) 3. 0(1.8)
CaO %
Na2O % 0.28(. 02)0.01(. 02)0.20(. 02)-0.1 0.41(. 05) -0. 1(. 05)
K2O %
MnO %
TiO2 % 9.4(.4) 10. 1(. 4) 13.4(.6) 14.6 12.2(.4) 13.9(.5)
Cs ppm
Ba ppm
La ppm 5.9(.2) -- 5.2(.3) 26.2(.7) 20.2(.7)
Ce ppm 18. 8(. 4) 27. 7(. 7) 70(2) 60(2)
Nd ppm -- --
Sm ppm 1.2(. 1) -- 1.5(. 1) 7. 1(. 1) 6.6(. 1) tv
E.)
coTable III. 4.Continued.
Sample
MeasuredCorrectedMeasuredCorrectedMeasuredCorrected
F-3220) F-322 D- 112(v) D-112 F-206(o) F-206
Eu
Tb
Dy
Yb
Lu
Th
U
Hf
Ta
Co
Ni
Sc
V
Cr
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
0. 36(. 04)
1.4(. 5)
2. 5(. 3)
0.6(. 1)
179. 9(. 9)
235(76)
28. 3(. 1)
4529(85)
1324(11)
1.9(.3)
196(1)
256(83)
30. 9(. 5)
4942(93)
1445(12)
O. 25(. 03) O. 9(. 05) O. 7
O. 7(. 2) O. 6(. 2)
-- 13(6) 9(6)
-
O. 4 (. 2) O. 4(. 2)
1. 2(. 6) 3. 8(. 5)
4. 6(.4) 3. 4(. 4) 1.6(.3) 1. 0(. 3)
0.26(. 13)--
203(1) 223(1)
299(81) 329(89)
21.7(. 1) 23.9(.5)
2564(44) 2819(48)
1009(11) 1109(12)
1.4(.2)
110(. 7)
141(115)
36. 2(. 1)
2230(24)
110(8)
125(, 8)
161(131)
41. 2(. 5)
2542(27)
125(9)
'Countingerror at one sigma.Table III. 5.Plagioclase analyses.
Sample
MeasuredCorrectedMeasuredCorrectedMeasuredCorrected
F-32200 F-322 D-112(v) D-112 F-206(o-) F-206
% Groundmas s 5.43 4.52 4.61
SiO2
%
Al2 O3 % 29. 3(. 2) 30.1(.2) 29.5(.3) 30.1 28.0(.3) 28.5(.3)
FeO % 1.0(.01) 0.66(. 01)0.81(. 01)0.53(.01)0.71(. 06)0.68(.06)
MgO % 0.3(.5) 0. 09(. 5) 0.2(.5) 0.05(.5)
CaO % 12.0(.8) 12.5(.8) 12.2(.9) 12. 6(. 9) 11. 3(. 9) 11.8(.9)
Na2O % 4.69(. 02)4.77(. 02)4.76(. 03)4.83(. 03) 5. 1(. 04) 5. 1(. 04)
K2O %
TiO
2
°Jo O. 3(. 1) O. 2(. 1) O. 1(. 1) O. 04(. 1) 0.25(. 1) 0.25(. 11)
MnO ppm 86(1) 33(1) 89(5) 50(5) 99(1) 65(1)
Cs ppm 0.24(. 03) 0.21(. 03) 0.57(. 06)
Ba ppm 943(46) 741(49) 997(63) 903(48) 1260(50) 1191(50)
La ppm 10.4(.2) 7.9(.2) 12.0(.2) 10.4(.2) 18.4(.3) 16(.3)
Ce ppm 15.9(.4) 14.7(.4) 17. 1(. 4) 13.5(.4) 29.2(.5) 23.7(.5)
Nd ppm
Sm ppm 0.98(. 02)0.47(. 02) 1.00(. 02) O. 64 (. 02) 1.63(. 02) 1. 18(. 02)
Eu ppm 1.34(. 01) 1.29(. 01) 1.50(. 02) 1.54(. 02) 2. 19(. 02) 2. 19(. 02)Table III. 5.Continued.
Sample
MeasuredCorrectedMeasuredCorrectedMeasuredCorrected
F-322(6) F-322 D-1120) D-112 F-206(6) F-206
Tb
Dy
Yb
Lu
Th
U
Hf
Ta
Co
Sc
V
Cr
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
O. 056(. 006)0. 005(. 006)0. 061(. 007)0. 03(. 01) 0. 119(. 008)0. 077(. 008)
O. 4(. 8) 2. 7(. 9) 1. 9(. 6) 1(1) 0.9(1)
0. 03(. 02) O. 01(. 02) O. 02(. 02) 0. 008(. 02)O. 024(. 009)O. 011(. 009)
O. 91(. 06) 0. 60(. 06)-- 1. 43(. 06)
0. 3(. 4)
0. 47(. 04) O. 28(. 04)-- 0. 59(. 04)
-- -- -- 0. 08(. 02)
2. 2(. 5) O. 97(. 5) 2. 4(. 5) 1. 3(. 5) 1. 23(. 03) 1. 2(. 03)
O. 805(. 007)-0.046(.007)O. 458(. 005)-O. 1(. 005)O. 72(. 04) O. 3(. 04)
12(6) -- 7(13) -2.4(13) 13(8) 13(8)
1Counting error at one sigma.232
Table III. 6.Augite analyses.
Sample F-322 D-112 F-206
SiO2 %
A1293 % 3.24(.02)* 2.99(. 02) 3.69(. 03)
FeO % 8.20(. 07) 8.96(. 08) 7.93(. 08)
MgO % 14. 1(. 4) 14.3(.5) 14.3(.7)
CaO % 22.3(1.5) 22.8(. 13) 21.8(1.4)
Na2O % 0.41(. 01) 0.4(.01) 0.54(. 01)
K2O %
Mn0 % 0.48(.01) 0.50(.01) 0.40(. 01)
TiO2 % 0.86 0.58(. 04) 0.55(. 15)
Cs ppm0.32(. 15)
Ba ppm
La ppm11.3(. 1) 14. 1(. 2) 30.7(.3)
Ce ppm36.6(1.2) 44.4(1.2) 89.4(2.4)
Nd ppm 54(10) 2100.( )
Sm ppm9.65(. 05) 11.6(.06) 24.8(.
Eu ppm2.21(. 04) 2.6(.05) 4.50(. 08)
Tb ppm1.3(. 1) 1.7(. 1) 2.8(.2)
Dy ppm23(23) 10(17) 13.4(1.3)
Yb ppm2.7(. 15) 3.2(. 15) 5. 5(. 2)
Lu ppm0.29(. 03) 0.45(. 04) 0.61(. 06)
Th ppm
U ppm0.7(.4) 0.24(.4) 0.6(.5)
Hf ppm2.3 (. 2) 3.0(.3) 3.7(.4)
Ta ppm--
Co ppm4. 4(. 3) 44.9(.3) 24.8(.2)
Ni ppm87(50) 99(59) 50(88)
Sc ppm100.9(. 1) 108(. 01) 159.6(.3)
V ppm233(3) 224(3) 158(4)
Cr ppm344(5.6) 79(4) 16(8)
Values in parentheses are counting errors at one sigma.Table III. 7.Major element analyses of silicates (literaturevalues).
Mineral
Sample No.
Plag.
Y7
Plag.
1B
Cpx
Y7
Cpx
7
Olv
T7
Olv
2
Mgtt
T7
Biot
Reference 1 2 1 2 1 2 1 3
SiO2 49.0 53.2 47.9 49.8 38.4 37.0 0.15 37.2
A1203 32.2 29.4 4.7 3.5 0.08 5.31 14.6
FeO 0.68 0.83 7.8 9.3 19.9 25.8 76.2 30.2
MgO 0.06 0.04 13.4 16.0 40.6 35.8 4.0 4.2
CaO 15.9 11.5 22.8 20.0 0.26 0.22 0.01 0.17
Na2O 2. 18 4.2 0.4 0.3 0.02 - - 0.15
K2O 0.35 0.6 0.03 0.01 -- -- 8.25
TiO
2 -- 0.91 0.69 -- -- 8.13 3.1
MnO -- -- 0.16 0.46 0.35 0.91 0.37
Cr02 -- -- 0.61
Va205 -- -- 0.34
1. Guest (1977) in shoshonite.
2. Joplin and others (1972) in shoshonite.
3. Deer and others (1971) in granite.234
biotite chosen from the literature (8.25 percent K20, Table III. 7).
The hypersthene was chosen to coincidewith average estimates of
hypersthene compositions in the Lavas ofMahogany Ridge from
optical measurements.The olivine listed in Table III. 7 comes from
a latite (shoshonite) verysimilar in all respects to Stanislaus latites.
Distribution Coefficient Calculations
Distribution coefficients (D's) were calculated usingthe equa-
tions of Haskin and Korotev (1977).These calculations utilize the
whole rock, groundmass, and phenocryst traceelement contents,
together with an estimate of the total weight fractionof residual liquid
(groundmass) from the point count data, to correct thedistribution
coefficients for surface-equilibrium, closed-systemcrystallization
effects (i. e. ,internal fractional crystallization from zoned crystals).
Final calculated D's for all trace elements are tabulatedin Tables
111.8 and III. 9 with estimated D's for unanalyzedminerals.
Large correction factors were required toeliminate the effects
of contaminants in groundmass separates(see the previous section).
Because errors in the correction factors of asmuch as 25 percent
were possible, it is appropriate toexamine the propagation of this
error in the distributioncoefficient calculations.Distribution coeffi-
cients for highly included elements such as cobalt inclinopyroxene
were found to be the most sensitive to errorsin the groundmass data.Table III. 8.Crystal /liquid distribution coefficients for plagioclase andaugite.
Phase /Liquid
Sample
Plag /L
F-322
Plag /L
F-112-2
Plag/L
F-206
Cpx/L
F-322
Cpx/L
D- 112 -2
Cpx/L
F-322
Cs
Ba O. 48(. 02)* 0. 63(. 03) O. 48(. 02)
La O. 19(. 01) O. 26(. 01) O. 25(. 01) O. 27(. 01) 0.35(.01) O. 48(. 02)
Ce O. 17(. 01) O. 17(.01) O. 19(.01) O. 43(. 02) O. 55(. 02) 0. 70(. 04)
Nd - - 1.3(. 1) 2.0(. 15)
Sm O. 06(. 005) O. 08(. 005) O. 116(. 006)1. 24(. 06) 1. 49(. 07) 2. 14(. 1)
Eu O. 65(. 03) 0. 80(. 04) 1. 04(. 05) 1. 12(. 06) 1. 34(. 07) 2. 13(. 1)
Tb O. 007(. 01) O. 04(. 03) O. 09(. 01) 1. 80(. 09) 2. 5(. 1) 3. 1(. 2)
Dy
Yb 1. 22(. 06) 1. 48(. 07) 1. 7(. 1)
Lu 0. 04(. 03) 0. 004(. 01) 0. 008(. 01) 1. 13(. 1) 1.9(.2) 1. 5(. 2)
Th
U
Hf
Ta
Co O. 04(. 01) O. 06(. 01) O. 34(. 02) 1. 66(. 08) 2. 1(. 1) 7(1)
Sc 0. 030(. 002)6. 4(. 3) 7.8(.4) 16(1)
V 1. 1(0. 1) 2. 2(. 2)
Cr 2(. 5)
J.
Minimum error at one sigma.Errors from corrections are probably at least 4 percent.Table III. 9.Distribution coefficients for Fe-Ti oxide, orthopyroxene, olivine, biotite.
Phase/Li uid:Fe-ox/L Fe-ox L Fe-ox/L 02x,/L 0 x/L 0 x L Olv/L Olv L Biot.
Sample:
NormalizedNormalizedNormalizedNormalizedNormalized Dacite
F-322 D-112-2 F-206 F-332 D-112-2 F-206 F-322 D-112-2
References 1,2,3 1,2,3, 1,2,3, 4,5 4,5 4,6
Cs -- -- -- --
Ba -- -- -- --
La 0.02-0.040.02-0.050.03-0.06 0.009 0.009 0.03
C e 0.03 0.04 0.04 0.009 0.009 0.037
Nd 0.07 0.09 0.12 0.01 0.01 0.044
Sm 0.13 0.16 0.225 0.01 0.01 0.058
Eu 0.13 0.15 0.25 0.01 0.01 0.145
Tb 0.3-0.4 0.3-0.56 0.46-0.7 0.01 0.01 --
Dy 0.34 0.41 0.59 0,014 0.014 0.097
Yb 0.6-0.8 0.7-1.0 0.8-1.4 0.023 0.023 0.179
Lu 0.6-0.9 1.0-1.2 0.8-1.7 0.026 0.026 0.185
ThU-- -- --
Hf 0.33(. 02) 0.80(. 03) 0.32(. 02) Ta-- -- -- -- -- --
Co 7.9(.4) 10.3(.5) 36(2) 3.1-3.5 3.9-4.4 13-15 4.2 4.7 28.5
Sc 2.0(.1) 1.7(.1) 4.2(.2) 2.5-2.7 3.0-3.3 6.2-6.8 0.7 11.3
V 14(.7) 36(2)
Cr 36(4) 13
1.Allegre and others, 1977. 3. Schnetzler and Phillpotts, 1970.
2.Onuma and others, 1968. 4. Arth, 1976.
7.Normalized to the temperature-composition of the sample listed.
5. Leeman and Scheidegger, 1977.
6. Higuchi and Nagasawa, 1969.237
Assuming a 25 percent error inthe groundmass data of sample F-206,
less than 5 percent error wasintroduced for D's of all elements
except Co, which gained a 19 percent errorin its D value.Cobalt
distribution coefficients for the other twowhole-rock samples (F-322
and D-112-2) are smaller thanF-206, because those magmas crystal-
lized at much higher temperature thanF-206.The D's for F-322 and
D-112-2 should therefore have much lessthan 5 percent error for
most elements and less than 19 percent errorfor Co in augite.
Only Ba and the light REE were abundantenough in plagioclase
to yield reasonably accurateD's.Figure 111.1 shows a plot of REE
D's for plagioclase against ionic radius with somesimilar plots from
the literature.It is apparent that heavy REE (Tb andLu) D's are very
low and show wide variance in the low-Klatitic samples.This is
probably because the absolute abundance ofthese elements is quite
low in plagioclase relative to groundmassglass contaminants (note
the literature D's, Figure III. 1).This causes mass balance subtrac-
tion of groundmass contamination to yieldabsolute heavy REE con-
tents for plagioclase that so closelyapproach zero that any slight
error in the calculationsyields drastic changes in calculated D's.
Owing to the instability of these calculations,plagioclase D's for
heavy REE reported here are not consideredreliable.Light REE and
Ba D's for plagioclase, are considered much morereliable, because
absolute abundance of these elements inplagioclase approaches that1.0
0.]
Rag
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Figure III. 1.REE distribution coefficientsof plagioclase.239
of groundmass.This yields mathematically stable correctedD's
which do not closely approach zero.
The variation of light REE D's resemblesthat of the literature
D's (Figure III. 1), but Eu is much more highly includedthan adjacent
REE than is the case for the literature Euanomalies.This may be
due to highEu+2in latites compared to the literature examples.An
+3
estimate of xoygen fugacity and Eu
+2/Euwill be attempted in a
later section, utilizing this data and thewell known dependence of
+2 +3 Eu/Euon oxygen fugacity(Drake and Weill, 1975).If there is a
correlation between oxygen fugacity and water contentof magmas
(Osborn, 1969), then the Lavas of Mahogany Ridge must berather
anhydrous compared to many calc-alkaline rocks.This is also sug-
gested by the paucity of hydrous minerals in theentire latitic series
and tendency toward differentiates with highFe/Mg (pages 173-174).
Distribution coefficients for orthopyroxene, olivine andbiotite
were estimated from experimentaldata and natural phenocryst/
groundmass partition coefficients.Coefficients for orthopyroxene
were estimated from augite/orthopyroxene D's of Schnetzler and
Philpotts (1970), Onuma and others (1968) and Allegre andothers
(1977) by normalizing to augite/liquid Vs of latite(Table III. 8).This
has the effect of changing the literatureD's to latitic (low-T) values.
A calculation of this sort assumes that therewill be little change of a
crystal-crystal distribution coefficient with temperature-liquid240
composition changes.This is probably valid for crystalline phases
like coexisting pyroxenes which have verysimilar crystal-chemical
properties.Figure III. 2 shows REE distribution coefficientsfor
augite and various orthpyroxene estimatesplotted against ionic radius.
Uncorrected augite and hyperstheneD's from andesitic rocks are
included for comparison.Olivine distribution coefficients for large-
ion elements were taken from values for basalticand andesitic rocks
of Arth (1976), while Sc D's were estimated fromaugite/olivine D's of
Allegre and others (1977).Co D's were estimated using the Arrhenius
equation of Leeman and Scheidegger (1977) andaugite-Co-estimated
temperatures discussed in the next sections. BiotiteD's were taken
from data of Arth (1976) for dacites.These are the least likely to
correspond to latitic D's of all distribution coefficients usedhere,
because they are not constrained to latitic temperature andcomposi-
tion.
Only transition metal and Hf D's could be reported for Fe-Ti
oxides, because of low abundance of other elements in theseminerals,
coupled with extreme instability of mass balance correctionsfor
large-ion elements from groundmass contaminants.Values reported
here (Table III. 8) vary smoothly with ionic radius and chargeof the
element involved (Figure 30).Elements with ionic radius of about
0.7 A and low charge (+2) are most highly included.Larger, more1.0
Dcxl
liq
0.1
La Ce Nd Sm EuGd Tb Dy ErYbLu
Ionic Radius(A)
A High clinopyrox. of Arth
Cpx of GSFC (see Figure 39) 0 Opx of D-112
Cpx of F-322 A Average Opx of Arth (1976)
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Opx of GSFC (see Figure 39) X Opx of F-206
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Figure III. 2.REE distribution coefficients of pyroxenes.242
highly charged transition metals are less compatible with Fe Ti
oxides (Figure 30).
Trace Element Geothermometry
Crystal/liquid distribution coefficients generally rise uniformly
with falling temperature (Irving, 1978).This is normally attributed to
the temperature dependence of equilibrium constants for exchange
reactions governing crystal-liquid distribution of trace elements
(Leeman and Lindstrom, 1978).For example, a reaction such as
X + (Y )A(SiO2)cxl liq
A Si02liq
y
A(SiO 2) = some nesosilicate crystal formula, would be described by
the equilibrium constant
Keq.
A[SiO2]y cxl
[A]x [SiO liq2 liq
Such an equilibrium constant will vary with temperature according .o
the relation
0
-A G -A H° 0S A in Keq. =RT
+ =+ B RT
at constant pressure.243
Because the distribution coefficient (D) for"A" in this reaction
is just the concentration of A in the crystaldivided by the concentra-
tion of A in the liquid, it follows that D isproportional to Keq. and
thus should vary inversely with temperature forexothermic incorpora-
tion of a trace element into a lattice positionfrom melt.Further-
more, a plot of the log of D versesthe reciprocal of absolute tem-
perature (an Arrhenius plot) should yield astraight line with a
positive slope for exothermic reactions, providedLG° and LS° do
not vary greatly within the temperatureinterval of interest.Irving
(1978) summarized numerous experimental data for avariety of trace
element D's which yield such straight line Arrheniusplots.Theo-
retically, a measured D could be used with suchexperimental data to
estimate magmatic temperature.It is difficult, however, to separate
compositional and temperature effects when generatingexperimental
data, because one melt composition willseldom crystallize specific
crystals over the entire temperature range of interest.Irving (1978)
has noted changes in partitioning of elementsrelated to Mg/Fe, alkali
content, alkali/aluminum, phosphorous,and, most importantly,
Si/0 of melts.
Other complications arise when trace elements havemultiple
valences.Elements like Eu and Cr which have several stable ionic
valences have D's strongly dependent on oxygen fugacity(Irving,1978).
Irving also summarized evidence for reduction of crystalliquid D's244
with increasing volatile content (H20, C12 andothers) of melts.
Drake and Holloway (1977), however, found thatdistribution coeffi-
cients for Sm in both clinopyroxene-melt andamphibole-melt systems
rise with increasing PH0.2
One of the most troublesome observations of Irving(1978) and
other workers is the apparent rise of crystal-liquidD's with increas-
ing Si/O.This effect is very serious, since it is parallel to the tem-
perature effect in normal calc-alkaline and many"tholeiitic" differ-
entiation series.It is still unknown to what extent rise ofD's for
these differentiation series noted by Arth (1976) is afunction of tem-
perature relative to composition.
A basic requirement of all theoreticalconsiderations of trace
element partitioning is the assumption that the element ofinterest is
truly "dilute" or "dispersed", such that it approximatelyfollows
Henry's Law in mixing behavior over the concentration interval of
natural rocks.Such deviations would take the form of variation of
D's as a function of trace element concentration, rather than factors
such as temperature summarized above.Deviations from Henry's
Law behavior have been described by Mysen (1978) for verydilute
solutions, but no such variations were found by Drake andHolloway
(1978) for a very great range of Sm concentration (1 ppm to 5 percent)
in plagioclase-melt systems. Because the data of Drake andHolloway
(1978) were conducted at low pressure under anhydrous conditions,245
they probably apply more directly to thehigh level phenocryst /matrix
distribution coefficients measured here than doMysen's (1978) 20 Kbar
(PH20) data.In addition, none of the distributioncoefficients consid-
ered here involve elements present at extreme(less than 1 ppm) dilu-
tion where possible crystal defect substitutioneffects may become
important (Harrison, 1977).This applies even to REE such as Lu
(commonly less than 1 ppm), because Harrison(1977) has demon-
strated that partitioning of any REE depends ontotal REE concentra-
tion, which is at least 130 ppm in all samplesof the Lavas of
Mahogany Ridge.
Temperature Estimates Lavas of Mahogany Ridge
Various temperature estimates for three samples ofthe Lavas
of Mahogany Ridge are summarized in Table 111.10.Temperatures
were estimated from Arrheniusequations of Drake (1976) and Drake
and Weill (1975) for clinopyroxene/liquid and plagioclase/liquid sys-
tems.All sets of estimates except those for La show a series of
decreasing temperatures from F-322 (the most MgO-rich low-K
latite sample) to F-206, a biotite-pyroxene bearing quartzlatite with
very low MgO, FeO, and CaO,but high 5102.Only temperature esti-
mates for Co in clinopyroxene-liquid systems areconsidered to be
relatively free of experimental error, because plagioclase dataisTable 111.10.Temperature estimates.
Arrhenius Equation
°C °C °C
Reference Phase TF-322 TD- 112 TF-206
Co18310 In D = 12.1 1 Cpx 1179 (9) 1154 (8) 1029 (8)
Lu3200 In D =T5.40 2 plagioclase 1211 (800) --
Ba11800 In D = 8.85 2 plagioclase 1182 (72) 1163 (71) 1136 (71)
InDBa/Ca41004.43 2 plagioclase 1161 (72) 1107 (70) 643 (70)
La7000 In D = - 6.40 2 plagioclase 1201 (23) 1111 (21) 1124 (22)
Ce4600 In D = - 5.21 2 plagioclase 1057 (27) 1074 (27) 1023 (26)
2 plagioclase 1491 (80) 1149 (80) 911 (80) Sm2340 ln D = - 4.13
Ca5820 In D = - 3.32 2 plagioclase 1128 (72) 1074 (70) 791 (70)
1. Drake (1976).
2. Drake and Weill (1975).247
subject to large uncertainties, owing to the needfor mass balance
corrections for glass inclusions.
Nevertheless, La, Ba, Ca, and Ba/Ca plagioclasegeother-
mometers yield temperature estimates closelysimilar to those of the
clinopyroxene-Co temperature for the most mafic latitesample,
F-322 (Table III. 10).This is partly because La, Ba, Ca and Ba/Ca
are, in general, lessaffected by the plagioclase mass balance cor-
rections than other listed elements. Sample F-322 alsocorresponds
most closely to the basaltic liquids used to generatethe Arrhenius
equations for plagioclase and clinopyroxene, so thiswould minimize
compositional effects relative to the literature data for basalts.
Arrhenius plots of the D's, using Co-estimated temperatures
show that elements similar to Co in their crystal-chemicalproperties
plot on straight lines, while other elements deviate fromstraight line
behavior (Figure III. 3).Figure III. 3 shows all D's for compatible
elements Co, Sc, V, and Ca for augite, plagioclase and Fe-Ti oxides
on an Arrhenius plot normalized tothe augite-Co temperature esti-
mates.All of these elements have similar crystal-chemical proper-
ties and their D's plot on straight lines at the Co-estimated tempera-
tures.Ba, Ba/Ca, and REE D's for augite and plagioclase, however,
do not form straight-line Arrhenius plots at the Co-estimated tem-
peratures (Figures 111.3 and This is no doubt a result of the
very different crystal-chemical propertiesof these elements relativeInDcx1
liq
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Figure 111. 3.Arrhenius plot of Co, Sc, V, Ca, Ba andB a/Ca for
Fe -Ti oxides, clinopyroxene, andplagioclase.249
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Figure III. 4.Arrhenius plot for mineral separatesnormalized to
temperatures of the Co-clinopyroxenegeothermometer.250
to Co.Such differences cause serious deviation ofthe D's for these
elements from the pattern of variation of morecompatible elements
in the siliceous sample, F-206. SampleF-206 has anomalously low
D's for REE and Ba compared to the variation predicted bythe geo-
thermometer for the two mafic samples (F-322 andD-112).
It may be that rise of D's for the compatibleelements with
rising Si/0 is higher than the increase for incompatibleelement D's.
Alternatively, the incompatible elements may be nearlysaturated in
crystals of the F-206 sample relative to theincompatible element-
depleted samples, F-322 and D-112, causinganomalously low crystal/
liquid D's in F-206. Arguments of Drake and Holloway(1978) outlined
in the previous section make it unlikely that theincompatible elements
are saturated in theF-206 crystals, or (i. e. ,deviate from Henry's
Law).It seems more likely that D's of ferromagnesianelements and
Ca rise more sharply at high SiO2 than those of REEand Ba.
Phenocrystic biotite pseudomorphic after hornblende inthe
F-206 sample suggests that this sample had a higher H2O contentthan
the two mafic samples. Presence of quantities ofphenocrystic pyrox-
ene equal to the volume ofhydrous minerals in F-206, however,
probably requires that F-206 was far from saturated in H2O.Drake
and Holloway (1977) have suggested that high H2Oactivity may
increase Sm D's for clinopyroxene and amphibole, but SmD's of
plagioclase were not affected by H2O in their experiment.Irving251
(1978), however, believes high water contents can decreaseD's.
Whatever the effect of water, it is possible that it affectsREE and Ba
partitioning differently from that of ferromagnesianelements and Ca.
If this is the case,then this may also account forthe variations of
Figure 111. 4.
Regardless of the exact reasons for deviation of the biotite
quartz latite data, it is apparent that simpleArrhenius equations
generated for basaltic and andesitic liquids do not readilyapply to
highly siliceous liquids.However, concordance of temperature esti-
mates for plagioclase La, Ba and Ca geothermometerswith the
Co-clinopyroxene temperature for the most mafic sample, implies
that compositional disparity between this sample and theliquids used
to calibrate the geothermometers was not large enough to causedis-
persion of the La and Ba data from the Ca and Co data, asobserved
for F-206.Consequently, the F-322 temperature of 1179°C is
probably accurate within the ±40°C spread of the data.D-112 differs
only slightly in composition from F-322, so that its Co-estimated
temperature is probably reasonable if somewhat less accurate.
Oxygen Fugacity Estimates
Drake (1975) has determined equations which allow estimation
of oxygen fugacity from REE distribution in plagioclase, if tempera-
ture and Sr distribution are known. Temperature estimatesfor F-322252
and D-112 from the previous sectionallow estimate of Sr distribution
between plagioclase and liquid from theArrhenius equation of Drake
and Weill (1975):
InDP/L= 9, 050 /T( °K) - 5. 24 Sr
F-322 DSr = 2.70
D-112
D 3.01
Sr r
Taking this data together with an estimate of theD for
+2P /L Eu(D3) obtained by extrapolating the REE-distributioncoefficient
plot of Figure III. 2 beneath the positive Eu anomaly,and the concen-
trations of Eu in plagioclase (Eu) and coexisting liquid (EuL) prior
to closed system fractional crystallization(estimated from whole rock
Plag. /Liq. Eu and corrected actual DEu the Euand
+3 and Euof the liquid
may be estimated by:
+2Eu-(DS)(EuL)
Eu = P
,_,PP/L -DSr
where EuL= whole rock Eu content
Eu
+2= EuL - Eu
+3
Because this gives Eu
+2/Eu
+3of the liquid, oxygen fugacity may
be estimated from:+2
log f0
Eu
+3 4. 55(±0. 17)(log )10. 89(±0. 19)
2 Eu
fo(F-322) = 10
2
fo (D-112) = 10
2
- 8.48±1.5
-8.68±1.5
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The probable error of ±1. 5 log units is the estimateddeviation
observed by Drake (1975) from measurements of naturalwhole rocks
and mineral separates.The fugacities are comparable to Drake's
(1975) estimates of oxygen fugacity for the lower Mazama daciteash
flow (log fO= -8.3) and other pyroclastic dacites ofthe Cascades and
z
Japan ( -6. 3 to -11.4), as well as measurementsfor a variety of
andesites and basalts (-3.9 to -10.6 for andesites, and-6.9 to -7.3
for basalts).